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The  eminent  Soviet  crystallographcr  and  crystal  chemist.  Niholai  Vasil'cvich  Belov,  was  70  years  old  oo  De* 
cember  IS.  1961.  N.  V.  Belov  was  born  in  the  town  of  Yanov,  in  the  former  Lyublin  province  (now  in  Poland),  in  the  ■ 
family  of  a  doctor,  tlis  father,  a  Kiev  man.  was  directed  to  work  there  after  graduating  from  Kiev  University.  Coe 
year  after  the  birth  of  their  son  the  family  returned  to  the  Ukraine,  where  they  lived  at  first  in  Rovno.  and  then  Its 
Ovruch  in  the  former  Volynsk  province.  On  his  mother's  insistence  N.  V.  Belov  was  sent  to  the  First  (Russian)  School 
io  Warsaw,  which  numbered  V.  I.  Vernadskil.  S.  F.  Ol'denburg.  and  the  well-known  revolutionary  L  P.  Kalyaev  among 
its  former  pupils.  There  was  no  secondary  school  in  Ovruch  at  that  time. 

Having  graduated  from  hit  school  with  a  gold  medal,  io  1910  Belov  entered  the  metallurgical  department  of 
the  Petetburg  Polytechnic  Irutitute.  During  those  years  the  professors  of  the  Polytechnic  Institute  included  manyeml- 
sent  scientists  of  that  time  (N.  S.  Kurnakov.  A.  A.  Baikov.  V.  A.  Kistyakovskii.  M.  A.  Pavlov.  V.  E.  Crvim-Crzhlmailo. 
F.  Yu.  Levinson-Lcssing.  P.  P.  Fedot'ev.  V.  F.  Mitkevich.  and  M.  A.  Shatclcn).  but  the  one  to  Imprest  the  studeota 
most  was  A.  F.  Ioffe  to  whom  N.  V.  Belov  always  refers  to  as  the  mao  who  determined  his  outlook.  Belov  carried 
out  his  diploma  work  on  electrochemistry  in  the  laboratory  of  V.  A.  Kistyakovskii. 

During  the  first  years  of  the  Revolution,  while  still  a  student.  Belov  took  a  vigorous  part  io  the  building  of  In¬ 
dustry  io  hit  native  town  of  Ovruch,  where  he  worked  in  the  local  council  of  national  economy,  and  was  its  chairman 
io  1920-21.  In  1921  Belov  presented  his  diploma  thesis,  but  continued  to  work  io  the  Ovruch  council  of  national  econ¬ 
omy.  After  the  abolition  of  district  councils  of  national  economy  he  was  for  some  time  the  authorized  agent  of  the 
provincial  council  of  national  economy  and  the  provincial  uadc  association. 

In  1921  Belov  returned  to  Leningrad,  where  for  ten  years  he  worked  in  analytical  chemical  laboratories  associ¬ 
ated  with  the  giant  '‘Skorokhod*  footwear  factory. 

In  1928  Belov  was  invited  by  A.  E.  Fersman  to  work  on  the  academic  Journal  ”Priroda.*  and  remained  an  active 
contributor  for  four  years.  From  1033.  again  at  A.  E.  Fersman's  ir^vitation.  he  took  part  In  work  oo  the  Khibinsldl 
problem.  The  adoption  of  nepheline  as  a  tanning  agent  for  the  leather  industry,  proposed  and  put  into  effect  by  Belov, 
led  to  a  number  of  analogous  investigations  on  other  applications  of  nepheline.  primarily  io  the  light  Industry.  For 
this  work  Belov  was  awarded  io  1931  the  prize  of  the  Leningrad  Soviet,  which  at  that  tfme  had  control  of  the  Kurmansk 
province. 

His  membership  of  the  Academy  of  Sciences  was  confirmed  in  1933  by  his  appolnimcni  as  a  part-time  member 
of  the  staff  of  the  Lomonosov  tiutituic:  in  1934  he  was  appointed  to  full-time  work. 

Inl934  O.  Hasscl's  Crystal  Chemistry  was  published  in  Germany;  A.  E.  Fersman  decided  :o  have  it  published  ia 
Russian,  but  at  first  he  could  not  find  a  suitable  translator.  However,  remembering  Belov's  linguistic  abilities.  Fen- 
mao  asked  him  to  undertake  this  translation.  Although  Belov  refused  at  first.  Fenmao's  insistence  woo  the  day.  The 
Russian  translation  proved  to  be  twice  the  size  of  the  German  original,  while  the  number  of  figures  rose  from  tlx  to 
60.  Belov  studied  an  enormous  amount  of  literature  for  chit  translation  and  as  a  result  became  a  crystallographcr. 
During  this  period  he  alto  became  closely  associated  with  the  crystallographic  structure  laboratory  established  by  A. 

K.  Boldyiev  in  the  Leningrad  Mining  Institute  and  was  able  to  construct  models  of  crys'al  structures,  without  which 
modern  chemical  crystallography  Is  Impossible. 

Hasscl's  Crystal  Chemistry  was  followed  by  the  publication,  under  A.  E.  Fersman's  editorship,  of  the  third  voir 

time  of  'Fundamental  Ideas  of  Geochemistry,*  which  included  Belov's  txarulatioos  of  the  fundamental  work  of  Mach- 

atschVi,  Bragg.  Schicbold.  aisd  Taylor  oo  the.crystal  chemistry  of  silicates.  From -that  time  the  crystal  chemistry  of 

silicates  was  for  many  years  the  main  trend  of  Bclovh  work. 

• 

After  moving  from  Leningrad  to  Moscow  |a  1936,  Belov  continued  for  some  time  to  work  In  the  Ceocberolcal 
Section  of  the  Lomomosov  Institute,  and  In  the  following  year  he  Joined  the  Crystallographic  Section  of  the  Imtitoie. 
which  was  headed  by  A.  V.  Shubnikov.  ••  ... 
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la  1933  Oclov  K'cjmc  hcaJ  of  ihc  x*uy  tiruciural  laboriiory  of  ibli  icction,  which  by  that  time  hid  become 
an  indepenJcni  insiiiutioo'ihe  Ctyiiallography  Laboratory  of  the  Academy  of  Sciences  of  the  USSR.  After  the  re- 
organiration  of  the  lab^natory  as  the  Institute  of  Crystallography  of  the  Academy  of  Sciences  io  the  USSR.  H.  V.  Bclosr 
has  been  the  permanent  head  of  its  Structure  Divisioo. 

to  1933*40  Oelov  led  a  new  scientific  trend  in  the  USSR,  associated  with  the  transition  of  x*ray  straictural  crys¬ 
tallography  from  the  former  method  of  trial  and  error  to  the  rsew  and  more  direct  methods  based  on  the  use  of  Fourier 
series.  The  first  strips  for  calculation  of  Fourier  scries  were  prepared  ia  his  laboratory:  copies  have  gone  to  all  suue- 
tural  laboratories  of  the  Soviet  Union.  During  all  his  subsequent  scientific  career  Delov.  together  with  his  associates, 
worked  successfully  on  methods  for  interpretation  of  x*ray  diffraction  data  with  the  aid  of  various  modifications  of 
•  Fourier  series. 

During  the  years  of  the  Great  Patriotic  War.  when  experimental  work  was  difficult.  Belov  developed  certain 
general,  purely  ctystal*chcmicat.  methods  of  structure  analysis.  One  of  these  Is  the  method  of  closest  packings.  This 
rigorous  theory  formed  the  basis  of  Belov’s  widely  known  book;  'Structure  of  Ionic  Crystals  and  Metallic  Phases.* 
which  is  a  revised  version  of  his  doctorate  dissertation,  presented  at  the  N.  S.  Kutnakov  Irutitute  o'  General  and  Inor¬ 
ganic  Chemistry  of  the  Academy  of  Sciences  of  the  USSR  io  1^13. 

In  addition  to  developing  the  theory  of  closest  packinp.  Belov  was  the  prime  mover  of  the  adoption  of  Fedorov 
space  groups  io  the  training  of  future  crysiallographers.  This  initiative  met  with  a  warm  response  from  the  Depart¬ 
ment  of  Crystal  Chemistry  and  Crystallography  of  the  Moscow  State  University,  headed  by  G.  B.  Bokii.  The  appro¬ 
priate  courses  were  started  there  and  in  the  Gor'kii  University,  and  experienced  teachers  were  trained.  Graduates  of 
these  two  universities  ate  now  as  competent  io  230  space  groups  as  classical  crystallographers  ate  io  the  32  classes  of 
symmetry. 

From  lO’lS  Academician  A.  V.  Shubnikov  has  been  actively  introducing  into  crystal  chemistry  the  principles  of 
black  and  white  symmetry,  confining  himself  to  point  groups.  Ar  first  these  groups  were  regarded  by  Shubnikov  as  the 
crystallography  of  the  future.  However,  in  1958  one  of  Belov's  students  in  Gor'kii  University  (B.  A.  Tavger)  showed 
that  the  phcromcra  of  magnetism  in  general  and  of  fcrromag.'.etum  in  particular  conform  to  black  and  white  groups. 
Even  before  this  W.  Cochran  and  B.  K.  Vairuhtein  demonstrated  the  role  of  black  and  white  groups  io  various  forms 
of  Fourier  structure  analysis.  However,  this  involved  space  grc'jp.  At  A.  V.  Shubnikov's  request,  these  groups  were 
derived  in  Leningrad  by  A.  M.  Zamorzaev.  without  an  indicatioo  of  their  number.  The  derivation  was  radically 
simplified  by  Belov,  together  with  his  pupils  N.  N.  Ncronova,  T.  S.  Smirnova,  and  othen.  The  groups  themselves 
were  described  with  the  me  of  the  generally  accepted  “intcrr.atio.nal*  symbols.  Their  e.»act  number  (1651)  was  de¬ 
termined.  and  the  symbols  proposed  by  Belov  are  now  universally  accepted.  The  theory  of  black  and  white  groups 
was  subsequently  developed  into  the  theory  of  color  groups.  During  the  last  few  years  this  theory  has  developed  rapid¬ 
ly  as  the  result  of  fruitful  competition  between  the  Soviet  crystallographic  school  headed  by  Belov,  and  the  British 
Khool  of  W.  Cochran. 

The  main  direction  of  Belov's  creative  scientific  work  hat  always  been  in  the  crystal  chemistry  of  silicates. 

Hit  initial  intention  was  to  inciease  the  numbers  of  examples  in  the  classification  established  by  W.  L.  Bragg  and  his 
school,  which  usually  coniain  only  one  or  two  representatives.  TT.e  first  determination  achieved  by  Belov,  that  of  the 
structure  of  diopuse.  provided  the  second  example  of  a  silicate  with  a  tix>membered  ring.  In  the  second  deterrolos- 
tion.  that  of  the  structure  of  ramsayiie.  it  was  shown  that  the  rr.ctasilicate  chain  radical  SiQi  and  free  oxygen  atoms 
are  contained  in  the  silicate  with  the  ratio  0:Sis4Vs.  which  u  higher  than  the  orthosilicaie  ratio (O: Si  «4).  The 
very  next  interpretation  (that  of  milariie)  revelaed  an  entirely  new  lilicoo** oxygen  motif-a  “double-deck*  hexago¬ 
nal  ring. 

...  -  Very  unexpected  was  the  discovery  of  diorthosilicate  groups.  SijOi.  together  with  oxygen  atoms  not  involved 
in' lilicon- oxygen  radicals,  in  minerals  which  had  been  regarded  as  clauicl  otihosilicaies  -ilvaite.  cpidote.  atsd 
zois'ite.  The  last  two  minerals  contain  both  ortho  groups  and  dionho  groups  simultaneously.  It  was  shown  that  where¬ 
as  the  main  silicate  building  block  io  Mg,  Fe.  and  Al  silicates  is  the  Si04  group,  io  silicates  with  targe  cations  (Ca, 
Na.  and  the  rare  earths)  the  building  block  Is  the  Si^Of  group,  tlew  metatillcaie  chains  of  the  same  gerteral  formula ' 
SiQi  but  with  larger  units  were  discovered  in  Ca  and  Na  chain  silicates:  Sij^i  Of  io  wollasionlte.  io  rhodo¬ 

nite.  Subsequently  this  series  was  augmented  (Si}«}Ou  radicals  ia  narsarsukiie).  In  Just  the  same  way.  io  addition  to 
the  clastic  SifOu  amphibote  chain,  arulogout  chains  cut  with  cig^it*membcred  Si(0||  rinp  were  found  in  xoooditc. 

A  very  inietctting  fact  is  that  the  chemistry  of  alkali  titano*  and  zlrconotillcatet  proved  to  be  very  ilmilw  to 
the  crystal  chemistry  of  Ca  and  Na  ilHeaict.  including  those  io  cements.  Thus,  she  relatively  simple  structure  of 
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cujpidinc,  Ca4SI,0,(F,  OIl\.  now  Ixjdi.*  on  pufely  gccmctrlcjl  gToan*.  the  ifrlei  of  titano-  and  zirconoilllcatcf. 

In  which  ihc  filicate  pfotlon  icmalns  the  lame  ai  In  cutpidinc;  in  ihc  four  columns  ccrrctpcndmg  to  the  four  Caatomt 
In  the  cuipidinc  formula  •white*  Ca  or  Na  Ions  aittrnatc  with  •cclcred*  cations,  which  may  be  Zr,  Tl,  Mn,  and  re  la 
different  columns  (lovenite,  vohlerlte,  leldozerlte,  and  rosenbuschltcX 

All  this  brilliant  work  of  Belov  and  his  direct  pupils  In  the  field  of  silicate  structure  gained  much  recognition 
both  lo  the  USSA  and  abroad,  la  1CVI6  he  was  elected  Corresponding  Member  of  the  Academy  of  Sc!er>cea  USSR.  ai>d 
to  19S3  be  became  Academiciaa.  lo  1952  be  was  awarded  a  State  Prize  of  the  first  claac. 

Nikolai  Vasirevich  Belov  celebrstea  his  70th  birthday  in  full  vigor  and  creative  activity.  Dels  now  the  uoltex- 
sally  accepted  leader  of  the  Soviet  structural  school,  the  chairmao  of  the  National  Commlnee  of  Soviet  Crystailo* 
graphen.  and  Vice-President  of  the  International  Unioa  of  Crystallography.  He  hat  published  more  than  300  papen. 
more  thao  ooebalfof  which  hat  appeared  since  1953. 

"The  Editorial  Board  of  Zhurnal  Strukturnoi  Khimil  cordially  wishes  him  many  years  of  fruitful  work  aod  sound  ' 
health  for  the  good  of  Soviet  science. 

A  list  of  N.  V.  Belov’s  publicatiottt  from  1954  to  19S1  it  given  below.  A  list  of  publications  before  1954  vaa 
given  lo  Trudy  imtituta  Krlstallografii.  No.  9.  pp.  13-19  (1954).* 

1954 

168.  •Essaja  in  structural  mineralogy.  Vol.  17.  Sorr.e  characteristics  of  the  geochemistry  of  boron  in  the  light 
of  its  cryatal  chemisuy.  18.  The  structure  of  chrysotile-antigorite.  19.  Chloritold-ao  orthosilicate r  20.  Bornite, 
CojFeS^.  21.  The  structure  of  realgar  aod  orpimeni  and  some  aspccu  of  the  geochemistry  of  sulfur  and  arsenic.  22, 
Rutile— aoatase-brookitc-ilmcnitc-hcnjatite-columbite.  23.  Cassitcrite."  Mincralog.  sb.  L.Vovsk.  geol.  obshch., 
8.AN  SSSR  13-40.  v 

163.  ‘The  structure  of  nepheliee.*  Tr,  Inst.  Icistallogr.,  No.  10,  6-9  (15-18) (in  French,  pp,  19-23X 

170.  Editorship  of  the  book:  Transactions  of  the  Institue  of  Crystallography,  Academy  of  Sciences  USSR.  No,  10, 
pp,  1-403  (in  Russian  and  French] (jointly  with  A.  V.  Shubnikov). 

171.  'At  the  Third  International  Congress  of  Crystallography."  Vestn.  AN  SSSR.  11. 75-80. 

172.  Review  of  the  book  by  H.  Lipson  and  W.  Cochran:  Determination  of  Crystal  Suuctures  (London,  1953). 

Novye  knigi  za  lubczhom.  10,  3-8. 

1955 

173.  "Crystal  structure  of  zoisite,"  Dokl.  AN  SSSR.  102.  2^275-278  (with  E.  G.  Fesenko  and  L  M.  Rumanova). 

174.  "Crystal  structure  of  cuspidine."  Zap.  Mircralog.  obshch.,  pt.  84  ,  2,  159-169  (with  R,  F.  Smlrrsova  aod 
L  M.  Rumanova]. 

175.  "Physics  of  the  solid  state."  Cazeta  Coc*ko\sk.  univ.,  19-20. 

176.  Review  of  the  book  by  H.  P.  Klug  and  R.  E.  Alexander:  X-ray  Diffraction  Procedures  for  Polycxystallioe 
and  Amorphous  Idatcrials  (New  York.  1954).  Novye  knigi  za  rubezhom.  7,  3-7. 

177. *  "Shubnikov  group  1651."  Tf.  Inst,  kristallogr..  vyp.  AN  SSSR,  1_1,  33-67  (with  N.  N.  Ncronova  aod  T.  S. 
Smirnova]. 

178.  "Crystal  structure  of  Jeremejevite."  Dokl.  AN  SSSR.  104.  1.  78-80  (with  N.  L  Colovastikov  aod  E.  N. 
Belov]. 

179.  "Crystal  structure  of  jeremejevite."  Zap.  Mineralog.  obshch.,  pc.  84  ,  4  ,  405*414  (with  N.  L  Colovastikov 
and  C.  N.  Belova]. 

*  Three  Publications  were  omitted  from  that  list: 

1926 

165.  Translation  of  A.  Wilsoo’a  book:  Chemisuy  of  Leather  Manufacture  (Leningrad.  Izd.  "Mysl*  ")  (Jointly 
with  L  A.  Syrkio). 

1941 

166.  Editorship  of  C.'  C.  Lemmlelo’s  book:  Sectorial  Structure  of  Crystals  (in  Russian] (Izd.  AN  SSSR.  Moscov- 
-Leolagrad). 

19S9 

167.  "The  founder  of  modern  crystallography.  On  the  100th  anniversary  of  the  birth  of  C.  S.  Fedorov."  Lcola- 
gradskaya  Pravda,  300(11791).  December  22,  1953,  (joinrly  with  D.  V.  NalIvkIaX 
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ISO.  *Ceorr.eiricat  intciptcutioo  of  the  Zachiriaiea  ttiilttical  e<{uatIon.*  Dokl.  AN  SSSR.  104,  1,  M0*M2 
[with  N.  L  ColoYJjtiVorJ.  *  • . 

181.  "Cf)-!!*!  lUuctote  of  xonotliie.*  Dokl.  AN  SSSR.  IM,  4,  615*618  (with  Kh.  S.  Mime<JoT}, 

182.  "Weak  and  itrong  relatiomhift  between  the  ilgni  of  structure  amplitudcf.*  Dokl.  AN  SSSR,  105,  5,  978- 
930  (with  N.  L  Colovastikor). 

183.  *€105051  Packings.*  Great  Soviet  Encyclopedia  (io  RuisfanJ  33,  289-290. 

1S4.  •Essaji  in  structural  mineralogy.  VL  24.  More  about  the  mechanism  of  polaritatloo  effects.  The  role  of 
the  f-hole.  25.  Relationship  between  the  external  form  and  atomic  structure  of  certain  silicates.*  Mlneralog.  sb. 
L’vovsV.  geol.  obsbeh.,  9,  3-14. 

185.  *Tbc  atomic  structure  of  glass.*  In  the  collection:  Structure  of  Clau.  Conference  Proceedings.  Noverobef 
23-27.  1953.  p  .  W4 -350. 

136.  Editorship  of  and  comments  on  the  book;  A.  E.  Fersman.  Selected  Works.  Vol.  3  0°  R'uslanjdzd.  AN 
SSSR.  XIoscov). 

187.  'In  the  Department  of  Crystallography  and  XJctal  Physics.*  Cazeta  Gor*kovskogo  Uoiv..  37-3S. 

1956 

188.  "Oiaractcristics  of  Patterson  syntheses  foe  centrosyminctric  structures.*  Dokl.  AN  SSSR.  106.  3,  462-463 
(with  Kb.  S.  Mamedov]. 

189.  "Crystal  structure  of  minerals  of  the  vollastooite  group.  I  Xoootlite.*  Zap.  Mioeralog.  obsheb.,  p«.  85, 

2. 13-38  (with  Kh.  S.  Mamedov].  ••  ‘ 

190.  ."Crystal  structure  of  wollastonite.*  Dokl.  AN  SSSR.  107.  3,  463-466  (with  Kh.  S.  Mamedov]. 

191.  "X-ray  investigation  of  the  crystal  structure  of  chkalovitc."  Dokl.  AN  SSSR.  108.  6,  1077-1030  (with  Yts. 
A.  Py-atenko  af)d  C.  B.  Bokii]. 

192.  "Color  symmetry  groups."  Kristallografiya, 2*  1»  6-13  (with  T.  N.  Tarkhova]. 

193.  "Suip  methods  for  Fourier  synthesis  calculatio^^s.*  Kristallografiya  2»  1.  132-136  (with  T,  N.  Tarkhova^ 

194.  "Crystal  structure  of  zoisite.*  Kristallografiya.  2*  2. 165-196  (with  E.  C.  Fesenko  and  L  M.  Tarkhova], 

195.  "Nomographic  method  for  calculation  of  structure  factors.*  Kruta11ografiya,2«  2,  236-239  [with  T.  H. 

Tarkhova]. 

196.  "The  group  of  the  4S-faced  polyhedron.*  Kristallografiya,  2,  3,  360-361  (with  T.  N.  Tarkhova], 

197.  "Unidimensiooal  infinite  cxystallcgraphic  groups.*  Kristallografiya,  1.  4.  474-476. 

193.  "Rational  methods  for  calculating  various  close  packings  of  spheres.*  KxistaIlografiya.2>  491-494 
(with  V.  V.  Bakakin]. 

199.  "Symmetry  of  Piitenoo  syntheses  (functiorts).*  Kiisiallo^afiya,  2*  5.  594-595  (with  N.  L  Shulepova], 

200.  *l.iedicval  Moorish  ornamentation  in  the  framework  of  symmetry  p^oups.*  Krbtallografiya,  1,  S.  610-613. 

201.  CcrrectioRs  to  the  paper:  "Color  symmetry  groups."  Kristallografiya.  1.  5,  615  (with  T.  N.  Tarkhova]. 

202.  "Color  symmetry  groups.*  Kriitallografiy  a,2»  6.  619-620  (with  T.  N.  Tarkhova 
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b  b  thowo  that  the  cocrdicatioo  numbers  of  metal  Ion;  In  tolutloa  can  be  determined  poteoilome- 
tfically.  Investigations  of  mixed  water '-dioxane,  vatct-'acctone,  and  water-'alcohol  solutions 
showed  that  the  coordination  numbers  of  the  hydration  shells  cf  lead  and  silver  approximate  to  4 
aod  3  respectively. 

One  of  the  most  important  problems  in  the  physical  chemistry  of  solutions  is  determination  of  the  suture  aod 
degree  of  ion  solvation.  Various  methods  have  been  proposed  for  detenninatioo  of  the  coordinatioo  number  of  bydrat* 
ed  ions  in  aqueous  and  mixed  (mainly  aqueous  alcohol)  solutions. 

Zaidcl*  and  Rotshtein  [1]  studied  the  absorption  spectra  of  aqueous  alcoholic  solutions  of  neodymium  chloride 
and  found  that  addition  of  six  to  eight  molecules  of  water  per  neodymium  ion  in  alcoholic  solution  results  in  com* 
picte  replacement  of  the  solvating  alcohol  molecules  by  water  molecules.  Rotshtein  (2]  measured  the  optical  densl* 
ty  of  aqueous  alcoholic  NdCIj  solutiorj  and  calculated  the  coordination  number  of  the  hydration  shell  of  the  oeody* 
mium  ion;  it  was  found  to  be  four.  These  authors  deny  the  possibility  that  mixed  solvation  shells  can  be  formed 
around  ions.  On  the  other  hand.  Pominav  [3]  concluded  that  needymium  ioru  solvated  by  alcohol  aod  water  simut* 
taneously  exist  in  aqueous  alcoholic  solutions  if  not  enough  water  is  present  for  complete  hydration.  Usanovlch  et 
*i.  £0.  who  studied  vapor  pressure  variations  in  the  CoCI^-CH^OII'HjO  system,  refer  to  the  simultaneous  Interac* 
Uon  of  bivalent  cobalt  ior:s  with  both  components  of  the  mixed  solvent. 

blishchenlus  fS]  showed,  from  calculations  of  the  solvation  energies  of  ions  and  on  spatial  consideratlorts.  that 
the  coordinatioo  numbers  of  ions  lie  within  fairly  nanow  limits,  between  4  and  8.  This  conclusion  is  confirmed  by 
the  data  of  h!ishchcnl(0  and  Pcm.ir.ov  (C].  who  studied  the  absorption  spectra  of  Cu*  .  Co*^.  aod  Nd’^  ions  in  aqueous 
alcoholic  solutions  aod  found  that  the  coordination  numbers  in  hydration  of  these  ions  ate  four.  four,  aod  six  icspcc* 
Uvely,  she  maximum  coordLnation  number  being  six.  They  attribute  this  discrepancy  to  simultaneous  coordloatico 
of  water  molecules  and  anions  around  these  ions  if  the  concentration  of  the  nooaqueous  solvent  b  high  and  the  salt 
in  it  is  ptcdomiruntly  in  the  undissociated  state.  Bjerrum  and  Jorgensen  (7J  also  found  that  the  coordination  number 
of  the  solvation  shells  of  neodymium  aod  praseodymium  ions  in  aqueous  alcoholic  solutions  is  six.  Samoilov  (8) 
showed  by  a  thermochcmical  method  that  the  coordinatioo  numbers  of  the  hydration  shells  of  LI*.  Na*.  K^.CI*.  Br*« 
r,  ht^*.Ca*^,  Sr**  and  Ba**  ioru  in  aqueous  solutions  are  3.8;  3,7;  3.8;  4,4;  4,8;  5 A  3.8;  4,0;  4,4;  aod  4,8  respec¬ 
tively;  Le.,  that  they  lie  in  a  relatively  nanow  range.  -  ' 

Pasynsldi  (9]  determirsed  the  numbers  of  water  molecules  bound  by  Ions  In  solutloru  (hydration  numbers)  aod 
found  the  following  values:  S-7  for  alkali  metals,  8  for  Be*^.  16  for  and  Ba'*.  and  31  for  Al*^.  Some  workea 
PO]  consider  that  in  general  one  cannot  speak  of  a  definite  hydration  number  because  the  energy  of  hydration  pro¬ 
gressively  decreases  for  successive  molecules  attached  to  a  giveo  loo. 

In  a  study  of  mixed  solutions  one  of  us  pi.l2)  observed  Increases  of  the  electrode  potential  of  a  metal  In  equi¬ 
librium  with  an  aqueous  niuatc  or  perchlorate  solution  if  alcohol,  acetone,  or  dioxaoe  was  added  to  this  tolutloo. 

This  was  attributed  to  the  so-called  negative  complex  formation  effect  p3)  involving  dehydration  of  the  metal  loo 
as  the  result  of  formsiion  of  compounds  between  water  and  donor-active  molecules  of  oooaqueoui  solvents.  Otbcia 
P4jhave  also  referred  to  the  possible  dehydration  of  ions  In  solutloo. 

Accordingly,  and  in  view  of  the  fact  that  the  data  cited  above  on  ion  hydration  are  contradictory  even  wbeo  *- 
determined  for' tlie  same  substar;ce.  we  attempted  to  study  loo  solvation  by  a  poientlometrlc  method. 
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Siarttng  Matcrlali  <nd  the  Solution!  Uie4  .  . 

Mcial  pcfchtoratei  were  used  for  the  Inyctilgailon,  at  the  CIO4  Ion  it  ihc  Icait  active  complex  former.  More¬ 
over,  pcichloraici  ate  Icti  liable  to  h)'drolyiU  thao  other  lalu 

Lead  perchlorate  was  tymheilzed  at  described  In  [1C}.  Alcoholic  tolutlont  were  prepared  from  anhydrout 
Pb(C104l^.  which  wat  obtained  by  drying  of  the  hydrated  talt  la  a  vacuum  drying  oven  over  phosphoric  anhydride  at 
170-180*  [16}.  Silver  perchlorate  wat  prepared  from  excess  silver  oxide  and  the  chemically  pure  acid.  Sodium  per¬ 
chlorate  of  analytical-reagent  grade  wat  recrystalllzed  twice.  Dilute  lead  amalgam  (used  at  the  indicator  electrode) 
wat  prepared  by  saturation  of  pure  mercury  with  metallic  lead  made  by  elecuclysU  of  c.p.  Pb(NO}\. 

The  Donaqueout  solvents  were  dioxane,  methanol,  and  acetone.  Dloxane  wat  left  to  stand  and  boiled  with 
KMnQi  for  purification,  and  was  dehydrated  by  treatment  with  metallic  sodium  on  standing  followed  by  dlstUlatioa 
over  sodium.  Acetone  and  methyl  alcohol  were  dried  by  the  usual  method  [17}.  The  anhydrous  rsonaqueout  solvents 
were  kept  In  waxed  bottles  or  scaled  ampoules  before  tire  experiroenu. 

The  circuits  used  for  the  investigation  consisted  of  a  saturated  calomel  electrode  (the  reference  electrode)  and 
a  silver  (for  AgClQl)  or  lead  amalgam  [for  PbfCIO^^t}  indicator  clccuode.  The  salt  concentrations  of  the  solutions 
were  constant  while  the  concentrations  of  the  nonaqueous  solvents  were  varied.  The  measurements  were  performed 
by  the  balancing  method  with  the  PPTV-1  high-resistance  potentiometer.  The  null  instrument  was  a  setuitive  galva¬ 
nometer  of  the  GZP-47  type.  The  experiments  were  performed  at  20  a  O.OS*, 

Results  and  Piscutsfoo 

The  resulu  of  the  potcnticmctric  measurements  arc  given  in  Tables  1-4.  The  sensitivity  in  the  measurements 
of  the  potentials  of  silver  and  lead  elccuodcs  at  not  excessively  high  concentrations  of  the  nonaqueous  solvents  In' 
the  mixtures  (up  to  8  M  dioxane  and  up  to  ISM  methyl  alcohol)  was  0.0002  v.  The  equilibrium  potentials  became 
established  In  an  average  time  of  20-40  minutes.  With  higher  contents  of  these  solvents  the  sensitivity  fell  to  0.001 
V.  The  time  for  establishment  of  the  equilibrium  potential  was  then  40-80  minutes  (for  alcohol  and  dioxane  mix¬ 
tures)  or  2-4  hours  (for  acetone  solutlonsX 


TABLE  1.  Results  of  Potentiomctric  Irivestlgatlon  of  the  System 
PbfCIO^^-lIjO- Dioxane  (salt  concentration  0.02007  M) 


Water  con- 
ceniraticn 
in  mixture. 

M 

Dioxane 

concentra¬ 
tion  in  miX' 

ture.  M 

ic  iH.or 

Potentials, 

sr 

^dr 

lib***  nonhydr 

5.56 

10.56 

—0.337 

8.31 

9.95 

O.O-’I 

—0.349 

0.200 

11.11 

9.36 

1.0', 6 

-0.358 

0.623 

13.89 

8.77 

1.143 

-0.307 

■  0.991 

16.67 

8.19 

I  ^2-!2 

-*0,37  iS 

1,389 

21,22 

7,02 

1.347 

—0.3919 

1.8S8 

27,78 

5.85 

1.447 

—0.4018 

2.232 

33.34 

4.CS 

1,523 

—0.4103 

2,525 

3S.89 

3,51 

1,590 

-0,4170 

2,758 

The  following  mutt  be  pointed  out  before  a  dbcussloo  of  these  results,  b  hat  been  shown  by  us  and  othcia 
p6,18}  that  dioxane  forms  molecular  compounds  with  perchlorates  of  the  above-named  metals:  AgClO4*xr4H|0|* 
arid  Pb(C104\*2C4H|0^.  Therefore  it  might  have  been  expected  that  the  potentials  of  these  metals  in  aqueous  di¬ 
oxane  mixtures  should  decrease  with  Increasing  concentration  of  the  nonaqueous  solvent  at  the  result  of  complex  forma¬ 
tion.  In  reality  (see  Tables  1-4)  the  potentials  increase  appreciably  in  aqueous  dioxane  and  in  the  other  mixed  sola- 
tions.  b  is  therefore  lUccly  that  In  aqueous  solutions  metal  complexes  with  such  organic  ligands  as  dioxane,  alcohol, 
and  acetone  ate  txx  formed.  Moreover,  irKreate  of  the  oonaqucous-solvent  concentration  in  the  system  results  In  tbe 
formation  of  Ions  of  a  lower  degree  of  hydration,  and  this  leads  to  the  observed  Increase  of  potentialt. 

For  quantitative  Iraerpertation  of  our  results  we  auume  that  at  the  maximum  concentration  of  the  oonaqueoaa 
solvent  the  Ag^  and  Pb^*  ions  are  in  the  "bate*  or  tsonhydraied  state.  Thb  suumptlon  b  obvious  for  pure  alcoholic 
tolutlont,  whiie  for  dloxine  and  acetone  mixtures  it  Is  Justified  at  follows.  Tbe  very  fact  that  the  potentials  tnereasn 
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oa  IntxoNJuctloa  of  tho  organic  »cl»cnii  Indicate  that  the  latter  Interact  with  water  ttiolecylet,  h  la  alioltnowo  from 
the  literature  that  the  dioxase  molecule  (lihe  the  acetone  molecule)  caa  bind  three.  f<>wf.  or  eveo  tU  water  mole* 
culei  p9J.  la  cur  experlmerti  the  concentrations  of  dioxane  and  acetoce  la  the  first  relxtarea  were  approximately 
double  the  water  coocentratioa.  Therefore,  In  thb  case  we  can  postulate  ivochjfdtaied  Irra  arsd,  starting  with  the  po¬ 
tential  of  the  metal  in  this  mixture  (taking  this  at  the  standard  value),  we  caa  use  the  Neiost  equation  for  calculating 
the  conccotratico  of  the  *bare*  metal  loru.  The  concentration  of  hydrated  iors  Is  fcc^  by  difference.  We  then  ploC 
the  relatloftshlp 


Ig 


liydr 

|Me**  I  ooohydr 


/(IglH.OO 


(aa  for  determinatioo  of  the  cemposition  of  complexes  (20p.andl  from  the  slope'of  the  ILse  ve  find  the  coordloatloB 
cumber  of  the  bydratioa  shell  of  the  given  ion.  The  results  are  presented  in  thb  focm  la  Hg^  1-4, 

•  TAEL£  2.  Results  of  Potentlomciflc  Invcstlgatloa  of  the  Syttexa 
FbCOQjl^-HiO-Acetone  (salt  concentratioo  0.01003  M) 


Wa:cr  cou* 
certratioo 
in  mixture, 

U 

'Acetone  coo 
xenirationio 
mixture,. 

M 

H  IH.OI 

Poteotials.T 

^|Pa2*j  cochydr 

S.S6 

12.23 

-0.334 

6.49 

1I,9.S 

0.814 

—0,355 

0.63S 

8.33 

11.69 

0.921 

-O.S'H 

O.OSl 

11.11 

10.91 

f.O'.S 

—0.373 

1.S34 

16.67 

9.SS  ■ 

1.222 

— O.oCO 

1,927 

22.22 

8.14 

1.3'.7 

— O.VjT^ 

2,517 

27,78 

6.82 

1.447 

—0,4!  52 

2.&7t 

31.34 

5.46 

1.523 

—0,4213 

3,011 

33.59 

4.03 

1,5M 

—0,4233 

3.1Cd 

TAELX  3.  Results  of  rotcntiomciric  Investigation  of  the  System 
Fb(aC4\-UjO-CH,OH(sJlt  concenuatlco  0.0193  hO 


Vvater  con* 

eertration 
sa  muture. 

M 

Alcohol  con- 
ceniratioo  in 

mixture.  M 

UIH.01 

PotentiaTs.v 

.  IPb-^lbyi 
^iPb^*J  cochjdt 

31,25 

-0.335 

8.33 

25,56 

0.921 

—0,333 

0.4iS 

11.11 

25.00 

f.0i6 

— o.>:5 

0,954 

13.E3 

23.43 

1.143 

-0.374 

1.311 

15.23 

22.C5 

1,184 

—0.333 

1.635 

16.67 

21.87 

1.222 

—0,359 

1.344 

22.22 

18.75 

1,347 

-0.394 

2.019 

TABLE  4.  Results  of  Potentiomctrlc  Investigatioa  of  the  System 
AgClQi-'lliO'- Dioxane  (salt  conceotratloa  0.C20SS  iO 


Water  con* 
ccDtration 
io  mixture. 

•  M 

Dioxane coo 
centrailonin 
mixture.  M 

If  |M«oi 

Poteotlala.v 

l^c  1  ooohydr 

S.56 

10.53 

0.543 

8.33 

9.95 

0.921 

0,525 

o.m 

11.11 

0.33 

1.043 

0.510 

0.492 

I3.b9 

8,77 

1.143 

0.499 

0.755 

16.67 

8,19 

1.222 

0,4^95 

0,925 

19.45 

7,00 

1,289 

0.4.622 

1,071 

72.22 

7,02 

1.347 

0,4751 

1.195 

26.14 

6.15 

1.422 

0.4633 

1.404 
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Fig.  1.  Vaf  Ulioo  of  '<>S  P^OJ  4I<aaoe--waicf  aolvetx. 


rig.  *.  VarUtloo  of  j  acetone- water  totveoK. 

rig.  X  VarUtloo  of  with  log  pijOJ  fo4  methaool- water  tolvei*. 

rig.  4,  VarUtloo  of  log  *°8  P^OJ  dloxaoe-  water  tolveoc 


These  reiulu  show  that  ihe  coordinatloo  numbci  of  the  hydration  ihcllj  of  lead  and  allvet  Ions  appcoxlmatest^ 
the  values  of  four  and  three  icspccilvely  In  all  the  solvcnti  studied.  Our  results  therefore  confirm  the  view  that  th«' 
coorJiruiion  numbers  of  Ion  hydration  comprise  only  a  few  units,  most  often  three  or  four.  The  coordlrutloo  oum- 
ben  of  the  hydration  shells  of  many  other  metal  Ions  can  be  found  similarly. 

Unfortunately  we  were  unable  to  measure  the  emf  of  the  system  tOvex  fiercho* 

late  is  readily  reduced  in  aqueous  alcoholic  mixtures. 
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Brealo  were  found  In  solubility  botherms  of  sparingly  soluble  nonelectxolytcs  to  watex**ethyl  alcohol 
aod  vater~acetone  mixtures  and  in  vbcoslty  botherms  of  aqueous  alcohol  mixtures.  In  every  case 
the  break  b  found  when  the  mole  fraction  of  ethyl  alcohol  or  acetone  b  close  to  0.1.  Thb  effect  b 
probably  caused  by  a  sharp  change  in  the  solution  structure  as  the  result  of  filling  of  the  cavities lothe 
water  structure  by  molecules  of  the  second  component. 

In  1938  Martin  and  Brown  (1]  dbeovered  a  sharp  break,  corresponding  to  a  mole  fraction  of  about  0.1  of  alco* 
hoi  in  the  water-ethyl  alcohol  system,  in  the  plot  of  the  logarithm  of  the  activity  coefficient  of  water  agalrtst 
(D-1)/(2D«  iXwherc  D  b  the  dicleculc  constant  of  the  mixture).  They  attributed  thb  break  to  the  penbtence 
the  quaslcr)-stal  lattice  of  water  In  dilute  ethyl  alcohol  solutions.  Later  Mitchell  and  Wynne 'Jones  (?].  using  D.  t. 
Mendeleev's  dertsity  data  for  aqueous  ethyl  alcohol  sblutions,  found  a  break  in  the  curve  for  the  partial  molar  volume 
of  the  alcohol  at  the  same  alcohol  concentration.  It  must  be  pointed  out  that  the  composition  **0.1  bcloss 

to  the  composition  of  the  most  dbtinct  •special  point*  noted  by  Mendeleev  (3J,  correspanding  to  the  hypothetical 
compound  CjHjOH*  12H20(XjI£qJjpj  *»0.03),  which  was  detected  by  Mendeleev  from  the  break  In  the  ds/dp  curve 
(whereas  b  the  density  and  £  b  the  percentage  of  alcohol  by  weight),  l.e.,  essentially  by  the  same  method.  A  simi¬ 
lar  curve  for  the  partial  molar  volume  of  alcohol,  calculated  by  Hildebrand  from  other  data,  b  given  without  com¬ 
ment  in  the  well-known  book  by  Lewb  and  Randall  [1].  Mitchell  aod  Wynne-Joncs  attributed  the  unusual  course  of 
the  curve  for  the  partial  molar  volume  to  a  change  in  the  structure  of  the  solution  in  the  regfoo  of  low  ethyl  alcohol 
concentrations.  At  a  low  alcohol  concentration  its  molecules  remain  outside  the  water  lattice,  but  as  the  alcohol 
concentration  increases  the  solution  structure  undergoes  a  sharp  change  accompanied  by  breakdown  of  the  original 
structure  of  liquid  water.  Similar  effects  were  dbeovered  recently  in  aqueous  solutions  of  higher  alcohols  (S.6]. 

We  have  dbeovered  breaks  at  the  same  ethyl  alcohol  concentration  In  several  solubility  botherms  of  a  sparing¬ 
ly  soluble  oonelectioI)'te  in  mixtures  of  water  and  ethyl  alcohol  and  on  solubility  botherms  of  acetanilide  in  water— 
—acetone  mixtures,  b  should  be  pointed  out  here  that  the  solubility  of  a  sparingly  soluble  substance  In  a  mixed  sot- 
vem  may  be  segarded  as  one  of  the  properties  of  the  mixed  solvetx. 

Wc  showed  earlier  (SJ  that  solubility  botherms  of  nonclectrolytct  In  binary  mixed  solvents  conform  to  tht  • 
equation 

lg(x,/s„)  =  a^lg(s,j/s„)+  txj-f  exj^o  CD 

tvhere  X|  b  the  mole  fraction  of  ooneicctxolyte  1  In  Its  saturated  solution;  and  Su  are  the  solubditles,  la  mole 
fractions,  of  nonclecttolyic  1  in  the  pure  solvents  7  and  3;  x*  and  x*  are  the  mole  fractlora  of  compooetus  7  at>d  B 
ia  the  mixed  solvent;  a,  b.  at>d  c  ate  constants.  Equation  (1)  was  verified  with  the  aid  of  cxietalve  literature  dstsu 
For  most  systems  tbe  celationshlp  between  log  (x|/ta)  and  x*  b  icpcescnted  by  a  smooth  curve;  ooly  four  systems  oC 
the  type  isooeicctrolyte-watcr-cihyl  alcohol,  and  the  system  acetanilldc-waier-aceione,  give  curves  with  breato 
which  carmoc  be  atuibuted  to  transitions  ia  the  solid  phase.  Two  such  anomalous  curves  are  gives  ia  Fig.  1, 
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Hie  cxbteoce  of  inflectlonj  (breaVs  of  the  fliit  derivative)  to  ibeje  curvet  may  be  doubted.  We  therefore  lacd 
the  method  developed  Jointly  vlth  A.  N.  Klrglntsev  for  revealing  Inflection],  bated  on  tubttitutloo  of  a  new  fuoctloa 
♦(x)/x  for  the  function  <*(x)  pasting  through  the  origin.  It  can  be  shown  that  the  break  In  the  ❖(x)/*  curve  tp^arv 
at  the  tame  value  of  the  variable,  but  b  much  sharper  than  In  the  ^(x)  curve  (compare  curve  1  to  Fig.  1  vlth  ctirvel 
to  Fig.  2.  and  curve  2  In  Fig.  1  with  the  curve  for  20*  in  Fig.  4).  This  method  b  henceforth  used  without  additional 
cxplaruUoof. 


Fig.  1.  Anomalous  solubility  Fig.  2.  Breaks  on  solubility  Fig.  3.  Breaks  In  solubility  bothermt; 

bothermi;  1)  bothermt:  1)  Jx-ltjO-CjlIjOH.  1)  Hga,-HiO-C,HjOH.  25*  (lOJ;  2) 

15*  nh  2)  acetanUidc-11,0-  15*  (7):  2)  dLmeihylglyoxlmc-  salicylic  acld-H,0-CiH/5H,  10*  (9). 

-(CH,\CO.  20*  (9J.  -  25*  (8J. 


Fig.  4.  Breaks  in  solubility  bo*  Fig.  S.  Breaks  In  vbcotity  botherms  for  the  system  tlsO-C^H^H  pi).  Intba 
therms  of  acetanOlde  In  rl^t*haod  diagram  the  bothermt  conetpond  to  temperature  at  Intervab  of 

mixtures  at  20  and 

5ri9). 

In  Fip.  2'4  1/X|  1og(xt/tu)  b  plotted  agalrut  x*  for  the  five  ternary  systems  which  are  given  In  the  table  artd 
which  have  breaks  in  theb  solubility  bothermt.  We  did  not  find  any  other  systems  with  breaks  In  an  examlnatloaof 
data  available  In  the  literature. 


since  In  four  of  these  five  ipicms  the  mixed  solvent  b  Aqueous  cihyl  Alcohol,  It  b  rcxsonsble  to  assume  that 
the  mixed  solvent  Itself  b  responsible  for  the  occuncnce  of  the  breaV,  especially  at  the  break  occurs  at  a  mole  frac» 
lion  of  0.10*0.12  of  the  alcohol  (tee  table)  in  all  the  systems.  In  the  system  acetanilide- waier*~acetone  the  break 
b  abo  found  when  the  mole  fiactlon  of  acetone  b  0.10. 


TABLE.  Systems  with  Breaks  in  Solubility  bothermi 


Systeni 

B 

•a 

>u 

x*  at 

break 

Litera¬ 

ture 

I.fl)-water(2)-eihyl  alcohol  (3) 

IS 

1.18  *10'* 

0.03C6 

0.12 

C  8) 

DimethylgIyoximc(l)-water(2)-cthyl  alcoholO) 

2$ 

8.4  -lO"* 

7.2*10'* 

0.10 

(  9] 

Salicylic  acld(l)-water(2)-cthyl  alcohol(3) 

10 

2.66*10"* 

0.267 

0.12 

(10) 

HgClj(l)-watci(2)-ethyl  alcohol (3)  ‘ 

25 

'4.82*10’* 

0.07SS 

0.10 

ni) 

Acetanilide  (l)-water(2)-acctone(3) 

20 

3.0  *10"* 

0.1  IS 

0.10 

no) 

Same 

52 

3.4  *10'* 

0.218 

0.10 

no) 

Vbcosiiy  bothemis  of  watcr-cthyl  alcohol  mixtures  also  exhibit  breaks  at  a  mole  fraction  of  about  0.10  of 
alcohol  p2](Fig.  S).  The.  breaks  on  the  viscosity  botherms  are  gradually  leveled  out  with  rbe  of  temperature  and 
arc  apparently  shifted  slightly  toward  higher  alcohcl  eontcnis.  Eaeh  of  the  above  effects  individually  might  be  re¬ 
garded  as  doubtful,  but  the  combination  of  all  the  above  data  indicates  that  in  the  system  watcr-cthyl  alcohol  (irsd, 
with  somewhat  less  certainty.  In  the  system  water -acetone)  a  certain  point  near  ~  0.1  docs  have  special  properties. 

b  b  difficult  to  interpret  these  facts  except  by  introduction  of  the  concept  of  a  sudden  change  to  the  solutiow 
structure.  Dilute  solutions  of  ethyl  alcohol  and  water  can  probably  be  regarded  as  solutions  with  an  intcntitial  type 
of  structure.  Ookii  [13]  put  forw’ard  the  idea  of  the  possible  cxbtcncc  of  aqueous  nonclectrolyte  solutions  of  the  in¬ 
terstitial  type.  At  the  alcohol  or  acetone  concentration  Increases  the  cavities  in  the  water  structure  become  filled 
and  the  possibilities  of  deformation  of  the  criginal  structure  arc  exhausted;  in  consequence,  there  Is  an  abrupt  transi¬ 
tion  to  a  different  type  of  structure  which  subsequently  undergoes  gradual  deformation.  The  structural  change  may  be 
manifested  in  various  properties  of  the  solution  in  the  form  of  breaks  In  the  first  or  higher  derivative  of  the  property 
with  respect  to  composition.  The  solubility  of  a  third  substance  in  the  solution  may  be  such  a  poperty.  Low  solubll-  ' 
by  of  tlie  third  substance  b  an  essential  condition  here  because  high  solubility  must  evidently  involve  considerable 
dbtortion  of  the  structure  of  the  mixed  solvent  ibelf. 

Perslanova  and  Tarasov  pi]  have  shown  that  in  studies  of  the  compcssibility  of  aqueous  solutions  of  norsclec- 
Uolytcs  it  b  also  necessary  to  introduce  the  concept  that  solute  molecules  fill  the  cavities  In  the  quaslcrystallloe 
lattice  of  water.  Radchenko  and  Shesiakovskii  [IS]  found  in  ducct  x*ray  structural  bivcstigatlon  that  water  retains 
its  original  structure  even  in  aqueous  solutions  containing  methyl  alcohol  at  relatively  high  concentrations  (up  to  30^ 
by  welghtX 

At  already  noted,  the  breaks  In  the  property  botherms  are  gradually  leveled  out  and  may  even  dbappear  with 
rbe  of  temperature;  evidently  thb  b  because  the  structure  of  water  becomes  pogressively  more  diffuse.  The  compo- 
•Itlon  corresponding  to  the  break  depends  little  on  temperature,  and  in  composiiion-iempcrature  plots  the  line  sepa¬ 
rating  regions  of  different  structures,  which  could  be  turned  the  hcterostiuctural  line,  b  almost  vcnicat.  The  differ¬ 
ences  between  the  properties  of  the  solutions  on  each  side  of  thb  line  are  gradually  leveled  out  with  rbe  of  tempera¬ 
ture  and  vanbh  entirely  at  a  certain  point  (which  b  reminbeent  of  the  critical  polncL 

It  seems  likely  that  effects  associated  with  sharp  changes  in  the'itrucrure  of  birury  solutions  should  be  fably 
common,  especially  if  water  b  one  of  the  solution  components.  It  is  possible  that  these  effects  may  also  appear  on 
the  solubility  curves  of  sparingly  soluble  electrolytes  in  mixed  lolvenu.  although  here,  because  of  stabilization  of 
the  water  structure  by  the  ions  peseot  in  solution,  the  break  point  may  be  shifted  toward  higher  nonclectrolyte  coa- 
ccnttatlont.  Studies  of  the  solubility  of  a  thbd  component  may  thus  provide  a  method  for  Invcttigating  the  structure  * 
of  aolutloia. 
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Mutual  solubility  in  tlie  ternary  system  TBP-HKOi-HjO  was  studied  and  certain  charactcrbtlcs  of 
the  solubility  isotherm  were  considered.  It  was  shown  by  means  of  infrared  spectroscopy  that  at  low 
HNO,  concentrations  a  compound  of  TOP  with  HNO,  in  1 : 1  ratio  Is  formed;  Its  structure  should  be 
represented  by  the  formula  (C4H/D^rO  ...HONQj,  rather  than  ((C4!l/)^r01i*]*  (NOjJ.  Addition  of 
further  nitric  acid  molecules  to  the  mooosolvatc  apparently  proceeds  by  the  following  mechanism: 

y)..:HONO, 

.  (c,if,o),ro...iio— NC 

>0.. . MONO,. ..HONO,  etc. 

Participation  of  the  ester  oxygen  of  TBP  in  bond  formation  with  nitric  acid  was  not  detected  expert* 
mentally.  The  assumption  of  the  so'callcd  *nonchcinical*  distribution  of  nitric  acid  between  water 
and  TOP  b  contrary  to  the  experimental  results  obtained.  Water  dbsolvcd  In  pure  TBP  and  in  mix* 
lures  of  TBP  with  UNO,  forms  hydrogen  bonds  either  with  phosphoryl  groups  of  TBP  or  with  oxygen 
in  nitrate  groups  of  HNO,.  The  following  mechanbm  b  postulated  for  addition  of  water  to  the  nitric 
acid  solvate;  (C4H/D),FO...HONOi...HOa 

There  have  been  many  investigations  [1-lOJof  the  interaction  of  tributyl  phosphate  (TOP)  with  nitric  acid.  The 
vast  majority  of  these  investigations  were  concerned  with  dbtribution  of  nitric  acid  between  water  and  TCP.  All  In* 
vestigators  conelude  that  nitric  acid  and  TBP  form  the  compound  TBP*  HNO^ 

The  fact  that  nitric  acid  enters  the  organic  phase  in  amounts  exceeding  a  1 : 1  ratio  of  IINO^:  TBP  prompted 
certain  authors  to  p>ostulate  formation  of  the  compounds  TBP*  2HNO,(4,5,  and  8J,  TBP*3HN0,,  and  TBP*nHNO, 
where  o>  3  (7.8].  Others,  such  a:  Alcock.  Crimlcy.  Hcaly.  Kennedy,  and  McKay  [2]  assume  the  possibility  of  simple 
dbsolut'on  of  nitric  acid  in  TBP*  HNO,  solution  without  formation  of  chemical  compounds.  Sheka  and  Krbs  (7]  also 
assume  the  possibility  of  *ix7nchemlcal*  dbsolution.  but  only  after  the  HNO,:  TBP  mole  ratio  has  reached  the  value 
of  a. 

There  b  no  proof  in  the  literature  of  the  exbtence  of  the  compound  TBP*2H1<0^.  The  experimental  data  of 
Fomin  and  Maiorova  p.5]  do  rsot  provide  such  proof,  bceause  they  used  the  law  of  mass  action  in  terms  of  concea* 
trations.  The  validity  of  thb  assertion  does  not  follow  from  general  considerations  only:  it  follows  from  the  data  ta 
(6]  that  the  magnitude  of  the  appareru  solvation  number  depends  on  the  TBP  conccntrailon,  the  nature  of  the  diluent* 
and  the  ionic  strength  of  the  aqueous  solution. 

Very  little  information  is  available  on  the  mechanbm  whereby  molecules  of  niulc  acid  ate  added  to  the  TBP 
molecule.  It  is  suggested  in  [2]  that  in  the  formation  of  a  compound  of  1 : 1  composlticn  bonding  of  HNO^  and  TBP 
molecules  is  effected  as  follows; 

<C«lf.O),PO...IIONOa. 

Korpak  and  Deptula  [8]  interpreted  their  experimenul  data  on  the  auumpiloo  that  all  four  oxygen  atoms  of  cb« 
TBP  molecule  are  involved  in  formation  of  bonds  with  KNO^ 

In  this  Investigation  we  studied  mutual  solubility  in  the  ternary  system  TBP-HN0^*-}^0  and  determined  In¬ 
frared  spectra  of  the  solutions  in  the  2.5*11  p  region.  In  dbcuulon  of  the  experimental  data  the  main  attention  b 
devoted  to  intermolecular  interaction  In  this  systena. 
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CXPCRIMCNTAL 

The  oiirlc  JcM  uicd  la  the  expcilxneotf  vji  lOO^P’ire.  ptcfured  at  described  in  £1^^  d**sl.S29,  o^sl.4(V(S« 

The  tributyl  phosphate  after  the  uioal  treatment  contained  6*10**  M  of  monobutyl  phosphate  (f>3P)and 
M  of  dibotyl  phosphate  (DOP).  The  tributyl  phosphate  used  In  the  experlmenuf  n”*  1.4242),  vat  distilled  uodex  vac¬ 
uum.  Twice-dutiUed  water  was  used. 

After  layer  formation  both  phases  were  analyzed  for  TBP,  D6P.  MOP  [12]  and  nitric  acid.  La  a^jitlon,  water 
was  determined  in  the  organic  phase  with  the  Fischer  reagent.  Nitric  acid  was  dciennined  in  both  phases  by  titratfoo. 

The  mutual  solubility  determlnatloos  were  performed  in  a  thermostat  at  26*  i  0.1*.  The  tirx^c  of  mixing  was  1 
hour.  Ca<^  experiment  was  repeated  two  or  three  times. 

The  infrared  spectra  were  measured  with  the  IKS*12  spectrometer,  with  rock  salt  and  lithium  flnoride  prisms. 
The  calculated  spectral  slit  width  was  3  cm*‘  in  the  1200  cm**  region,  and  about  6  cm**  in  the  30‘>3  cm**  regtoo. 

The  celt  matcriab  (LiF  and  KBr)  were  protected  against  the  action  of  the  solutions  by  means  cf  polyethyletse 
and  Teflon  films  a  few  microns  thlcK 

Mutual  Solubility  in  the  System  TBP— HNOg  — H^O 


The  resulu  of  mutual  solubility  determinations  in  this  system  are  given  in  Fig.  1.  The  cerr positions  are  given 
in  molar  percentages.  Data  of  two  l^ds  were  used  for  plotting  of  the  solubility  isotherms.  The  operimcDtal  p>oints 

represented  by  black  circles  were  found  by  complete  chemical 
"••a  analysis  of  the  coexisting  phases.  The  points  rcpcesected  by  white 

circles  were  found  by  determinations  of  the  vclurrc  coocentxatloa 
of  nitric  acid  and  solution  densities.  In  the  latter  case  the  molar 
percentages  of  water  and  TBP  were  calculated  frea  our  data  in 
conjunction  with  the  dau  In  [2], 

\  Aiulyses  of  the  solutions  for  their  D3?  and  bG?  contents 

\  showed  that  under  cur  experimental  cocditict:s  hy'drolysb  of  TBP 

\  was  slight  (the  D3P  content  varied  In  the  range  of  *.9*  10*^-0.033 

\  M,  and  the  MJ?  content  In  the  range  of  10**-  sO**  MX 

\  Figure  1  sho«  that  the  solubility  botherm  b  of  very  pecul- 

\  la r  form.  The  simplest  and  most  accepcatle  cip’anatloo  of  the 

,  .  .  \  complex  form  of  Fig.  1  b  based  on  the  assumprirn  that  the  assod- 

TBP  ated  gioups' formed  in  the  aquccnis  and  organic  scTutlons  differ  La 

.  .  V-,..  ,  v  ^  composition.  The  spcctxomculc  data  presented  below  Indicate 

Fig,  1.  Mutual  so4ubiltty  botherm.  The  ... 

,  -  ,  the  complex  character  of  molecular  Interactico  la  the  organic 

straight  lines  arc  conodet.  .  *  ® 

®  phase. 

Results  and  Discussion  of  the  Infrared  Spectrum  Determinations 


Table  1  contains  ceruin  vibrational  frequencies  of  TBP,  HNOj.  and  1^0.  and  their  Intcrpceutlons  adopted  in 
thb  Investlgatloo, 

The  results  of  the  spcctromculc  determinations  are  given  in  Table  2  and  in  Figs.  2  and  X  ft  follovs  from 
Table  2  that  when  pure  nitric  acid  b  dbsolved  in  *dry*  TOP  the  spectra  of  nitric  acid  itself  and  of  TBP  undergo  tub- 
staotlal  changes,  to  the  spectrum  of  the  solution  with  the  molar  ratio  TBP:  HNQi:  1^0  >1:1:0  the  absorption  band 
with  a  maximum  at  1272  cm**,  characterbtic  of  the  phosphoryl  group,  b  no  longer  present,  ft  b  replaced  by  •  new 
strong  band  with  a  maximum  at  1204  cm**.  The  situation  here  b  similar  to  that  otserved  during  dissolution  of  vari¬ 
ous  uraoyl  salts  in  TBP  p4]. 

The  appearance  of  a  new  band  In  the  region  of  lower  wave  rxjmbers  b  associated  with  stxotsg  perturbation  of 
the  vxlcisce  vibrations  of  the  phosphoryl  group.  The  total  disappearanec  of  the  band  at  1272  csi**  evidently  indicates 
that  virtually  all  the  TBP  b  b^nd  by  niiric  acid  molecules:  Le.,  that  a  compound  of  the  composiiloa  TBP*liNP|  Is 
formed  quantitatively.  The  spectrum  of  a  solution  of  oiuic  acid  in  TBP  with  the  molar  proporilbcs  of  TBP:  liNQit 
li|0 *  1 : 0.S:  0  (see  Table  2)  contalru  both  absorption  batxSt,  with  maxima  at  1272  and  1204  cm'*«  Thb  b  because 
part  of  the  TBP  remains  free  and  part  b  combUsed  in  TBP>lfNOw 


ThU  concluilon  U  confirmed  by  ibe  cbangei  lii  the  a1>»*/rptlon  ipcctrum  of  n!ulc  acid.  The  itrong  broad  band 
vlih  a  maximum  near  3380  cm'*,  assigned  to  valence  vibrations  of  the  hydroxyl  group  In  liquid  nitric  acid,  doci  noC 
appear  In  the  ipecira  of  solutions  A  and  B  (Fig.  2).  irutcad  th«.rc  Is  an  absorption  band  with  a  maxUnuin  near  3050 
era**.  The  pronounced  shift  of  this  band  into  the  Iong*vave  region  of  the  spectrum  Indicates  that  the  bonding  be* 
tveeo  the  nitric  acid  molecule  and  the  phosphoryl  group  Is  effected  through  hydroxylic  hydrogen.  Accordingly,  the 
formula  of  the  compound  formed  must  be  written  at  (C4ll|0)l}rO...I{NO|.  Attempts  to  represent  the  structure  of  thU 
compound  by  the  formula  ((ROl^rOM^J  [NO/} cannot  be  regarded  as  Justified.  The  Interue  absorption  band  In  the 
1380>]400  cm**  region,  characteristic  of  Ionic  nitrate  [13],  b  tsot  found  In  the  spectra  of  any  of  the  solutions  studied 
by  ttt.  The  presence  of  a  strong  absorption  band  with  a  maximum  at  about  1^30  cm**  (Table  2)  Indicates  that  the 
nitrate  group  hat  the  point  symmetry  group  [21).  In  other  words,  the  bond  between  the  oxygen  atom  of  the  nl&ate 
group  and  the  hydrogen  atom  b  not  disrupted  In  the  compound  TOP*I1NO|.  Thb  b  tantamount  to  the  absence  of  the 
oxonlum  cation  (RO^POII*  as  a  structural  unit  In  monosolvated  nitric  acid.  Thb  conclusion  b  consbtent  with  elec* 
tiical  conductivity  data  for  solutions  of  nittlc  acid  In  TBP  (22).  According  to  Table  2,  the  relative  shift  of  the  ab* 
torpclon  band  of  the  phosphoryl  group  b large (5.4^)  and  b  oubide  the  limits  of  the  usual  shifts  with  small  pemuba* 
tlons.  Solvation  of  uranyl  sala  by  TSP  results  In  an  even  greater  shift  of  the  absorption  band  due  to  the  phosphoryl 
group  P4.23].  Thb  effect  b  probably  attributable  to  peculiarities  of  the  P-*0  bond.  According  to  (21)  In  compopoda 
of  phosphorus  In  fourfold  coordination  In  addition  to  four  o*bonJs  (sp*  hybridization)  a 'bonds  ate  also  formed,  ar>d 
the  latter  are,  in  general,  dbtxibuted  nonuniformly.  Although  the  participation  of  a  *clccuons  b  gre.itcst  In  the  phos* 
phoryl  bond,  theb  participation  in  the  ether  tluce  bonds  b  also  considerable.  Therefore  the  P  <>•0  bond  cannot  be  re* 
garded  as  either  a  double  or  a  single  bond.  Such  a  large  relative  dbplaccmcnt  of  the  phosphoryl  group  absorption 
band  may  be  due  to  an  approach  of  tlie  P>*0  bond  to  the  single  bond  type  (decreased  participation  of  a 'electrons)  - 
in  Interactions  .of  the  type  of  (RO)jPO...B.  where  B  Is  a  metal  atom  or  acidic  hydrogen.  Thb  effect  should  lead  to  the 
appearance  of  additional  charges  on  the  atoms  of  the  phosphoryl  group  and  to  an  increase  in  the  strength  of  P-O 
(butyl)  bonds.  The  mutual  influence  of  the  bonds  should  be  strong  owing  to  the  participation  of  a'clcctrorts  (n  all 
the  bonds.  Thb  reasoning  provides  a  satbfactory  explanation  of  the  increased  intensity  and  the  strong  shift  of  the 
phosphoryl  group  absorption  band  Into  the  long'wave  region  of  the  spectrum,  and  the  increased  Intensity  and  the  shift 
of  the  P-O  (butyl)  absorption  band  into  (he  short'wave  region. 


Hg.1  rig.* 

Fig.  2.  Absorption  ipccua  of  solutions  wbh  molu  TBPtHNO^  ratio*  of  I  A)2:l:  B)  1: 1;  C)  1:2;  D)  1:3;  E)li4, 

Fig.  3.  Absorption  spectra  of  aalutlons  with  molar  TBP:  IlNO^t  l(|0  ratios  of;  A)  1:  Oi  0.96;  B)  1: 1 : 0.38;  C)  1:  Or  0.8.  . 

‘  Changes  In  vibrations  of  NO^  and  N-(OH)  group*  at  the  result  of  formation  of  the  molecular  cn. .pound  TBP’IINO^ 
are  of  definite  interest.  The  frequency  of  the  antbymmculcal  valence  vibration  of  the  NO^  group  falls  to  tCi9  cm** 


(Table  2X  The  cocreiponJlng  vibfatlon  frequencici  arc  ITIO  cm**  In  nitric  acW  vapor  an4  167C  cm**  In  llcjutd  ni¬ 
tric  acid.  The  ffe*4ucncy  of  the  N-(OM)  valence  vibration  rbci  to  *>13  cm**  (886  cm**  In  the  vapor,  020  cm**  la 
ll^ld  liMP|).  The  observed  shifts  of  these  absorption  bands  arc  probably  caused  by  mutual  Influence  of  the  bonds  la 
the  olulc  acid  molecule,  l“hc  formation  of  a  strong  hydrogen  bond  between  the  nitric  acid  hydroxyl  and  the  phee- 
phoryl  group  In  TBP  leads  to  weaketilng  of  the  O-lf  bond;  this  ,  In  Its  turn.  Increases  the  strength  of  the  N-(Oll)bood 
and  weakens  the  other  bonds  between  the  nitrogen  atom  and  oxygen  atoms.  In  other  words,  formation  of  a  hydrogen 
bond  should  bring  the  N''(OH)  and  N~0  dbtanccs  (In  KO^)  closer  together.  Thb  type  of  mutual  bond  Influence  la 
fully  consbtent  with  the  changes  observed  In  the  vibrational  spectrum  of  nitric  acid  In  the  transition  from  vapor  to 
liquid  (25]  and  la  fomiatlon  of  the  monohydtate  (25]  and  the  ether  solvate  (26). 

TAELC  1.  Vibratlojul  Frequencies  (cm**)  of  TBP,  HNO|,  and  1^0 


Interpreutloa 


Valence  vibration  of  phosphoryt  group 
Valence  vibration  of  P-O(butyl) 

Valence  vibration  of  OH 
Same 

Antbymmctrlcal  valence  vibration  of  KO^  group 
Same 

Valence  vibration  of  N~(OH) 

Same 

Antbyrnmetrical  valence  vibration  of  OH 
Symmetrical  valence  vibration  of  OH 
Valence  vibration  of  OH 
Dcformatlonal  vibration 
Same 


TABLE  2.  Wave  Numbers  (cm**)  of  Absorption  Bands  of  Solutions  of  UNO*  and  HjO  In  TUP 


TBP:  HNOj:  molar  ratio 


Wave 

number 

(cm"*) 

Sute  of 
aggrega¬ 
tion 

1272 

Liquid 

1026 

• 

3560 

Cas 

3380 

Liquid 

1710 

Cat 

1675 

Liquid 

886 

Cas 

920 

Liquid 

3750 

Cas 

3650 

• 

3425 

Liquid 

1637 

• 

1595 

Cas 

Interpretation 


0:0: l| 


Valvoce  vibrations  of-*PO  1272  —  1272  —  —  —  — .  —  ^ 

—  —  1201  1204  II9G  1191  —  1263  1199 

Valence  vibrations  of  P-O  |026  —  1029  1033  1033  1032  1034  1027  1034 

(butyl) 

Aotisymmcirical  valence  vl-  —  1676  1615  1619  ICC4  1670  1674  —  164S 


brationsofNO}  grottp 
Valence  vibrations  ofN**! 


(Oil]  —  1  920  914  I  9431  927  I  930|  920|  — 


*  Wave  number  not  determirsed. 

On  further  addition  of  nitric  acid  to  TBP  above  the  1 : 1  molar  ratio  the  absorption  band  of  phosphoryt  group  la 
ibe  spectrum  of  the  solutions  undergoes  a  funher  (although  small)  shift  toward  smaller  wave  numbers  (Table  2X  Tbe 
P-*0(butyl)  absorption  band  docs  not  change  appreciably  with  Increase  of  nitric  acid  concentration  up  to  the  molar 
ratio  TBP:HNO^*l:4«  This  shows  that  there  b  no  appreciable  Interaction  between  the  niulc  acid  molecules  and 
ester  oxygen  in  TBP.  Tbe  nitric  acid  absorption  bands  In  the  920*913  and  16'16*1676  cm**  frequency  raogej  la  the 
specua  of  solutions  with  molar  TBP:  lINQi  ratios  of  1 : 1.5, 1 1 2,  and  1:4  should  probably  be  regarded  as  tbe  results 
of  superposltioo  of  the  absorption  bands  of  rUtrle  acid  molecules  directly  bound  to  the  phosphoryl  group  of  TBP  and 
tf>c  bands  of  the  additional  nluie  acid  molecules.  Indeed,  these  frequency  ranges  are  runow,  whereas  the  half  width 
of  the  absorption  bands  b  comidcrable  (under  our  experimental  conditions  the  half  width  of  the  absorptloa  band  of 


the  NOj|  group  w*i  ~70  cm**,  «nJ  thit  of  ihc  N~(OH)  group  wfli  '-20-25  cm**).  Moreover,  the  TOP  corKcuiratloo  la 
loluiioQ  rills  vUh  locrcase  of  acid  concentration  and  the  intcruUy  of  the  absorption  bands  of  nitric  add  bonded  dl* 
lectly  to  the  phosphoryl  group  In  TOP  diminishes  accordingly. 

The  data  In  Table  2  show  that  with  Increase  of  the  >{KP|:T0P  molar  ratio  the  vibrational  freriueocles  of  tho 
NO^  and  N-(Oli)  groups  approximate  to  the  conesponding  frequencies  in  pure  nitric  acid,  while  In  the  3050-31 00 cm** 
range,  as  Fig.  2  shows,  th:re  Is  total  absorption.  This  is  probably  due  to  absorption  by  hydroxyl  groups  of  nitric  acid, 
which  Interact  in  different  wa)-s  with  their  cnvlrorunent.  This  can  be  represented  more  clearly  as  follows.  In  hydro¬ 
gen  bonding  the  oxygen  in  nitrate  groups  in  liquid  nitric  acid  acts  at  a  proton  acceptor.  In  accordatsce  with  this,  tho 
Interaction  mechanism  of  nitric  acid  molecules  b  represented  by  the  formation  either  of  dimers  * 


or  of  chains 

HO  — NC 

N>...IIO  — Nr  , 

which  may  be  branched  [27,  28,  29). 

Figure  2  shows  that  in  solutions  of  niulc  acid  in  TBP  nearly  all  the  nitric  acid  hydroxyls  are  Involved  in  the 
formation  of  hydrogen  bridges..  The  spectra  do  not  show  absorption  by  free  hydroxyl  groups,  which  occun  at  about 
3550  cm“*.  Therefore,  in  view  of  the  absence  of  Interaction  between  nitric  acid  and  ester  oxygen  in  TBP,  the  follow¬ 
ing  mechanism  may  be  assumed  for  intermolecular  Interaction  In  these  solutions; 

(RO),rO...IIO  — 

I 

O...IIO— 

Thb  b  all  the  more  probable  because  the  proton-acceptor  properties  of  oxygen  in  the  group  should  be  intensified 
as  the  result  of  formation  of  the  tOP*  HNO|  complex,  as  the  frequency  of  the  antuymmcuical  valence  vibration  of 
the  HOi  group  falU  appreciably  when  nitric  acid  dissolves  in  TOP.  An  analogous  lowering  of  frequency  b  observed  la 
ether  solutions  of  nitric  acid  [26]. 

At  the  IlNOj  molecules  take  up  positions  progressively  further  from  the  phosphcryl  group  in  TBP  so  the  absorp¬ 
tion  Dy  nitric  acid  should  approximate  to  the  absorption  spectrum  of  pure  nitric  acid;  thb  b  in  full  agreement  with 
experimental  data.  Therefore  searches  for  a  boundary  between  'chemical*  and  'oorschemical*  dbsolution  of  nitric 
acid  in  TBP  ate  unjustified.  The  assertion  that  formation  of  a  hydrogen  bridge  of  the  ^PO... HO- type  b  formatloo 
of  a  chem.'cal  bond,  whereas  the  formation  of  a  bridge  of  the  type 


...110- 

b  not  equivalent  to  chemical  bonding  b  cot  sound  In  principle. 

When  water  dbsolves  in  TBP  the  absorption  band  with  a  maximum  at  1272  cm'*,  assigned  to  the  valence  vlbra- 
lloo  of  the  phosphoryl  group,  b-shifted  by  9  cro‘*  in  the  direction  of  lower  wave  numbers.  A  broad  absorption  band 
with  a  maximum  near  3484  cm**  appears  in  the  region  of  valence  vibrations  of  water  (Fig.  3).  The  maximum  of  the 
absorption  band  due  to  dcformatlonal  vibration  of  water  dbsolved  in  TBP  has  a  value  (1C47  cm**)  close  to  the  corre¬ 
sponding  maximum  in  the  spectrum  of  pure  water  (1637  cm  **X 

In  accordance  with  [18,  30-31)  the  above  experimental  data  must  be  regarded  at  indicating  the  formation  of 
hydrogen  bonds  between  1^0  and  TBP.  It  b  seen  in  Fig.  3  that  addition  of  water  to  a  solution  of  nitric  acid  la  TBP 
results  in  increased  absorption  in  ebe  3200-3600  cm'*  region;  ibb  b  probably  caused  by  dbcct  absorption  by  the  boutsd 
vatec,  ■ 

*  Here  and  subsequently  the  structure  of  the  nluate  group  b  Indicated  by  rocani  of  five  valetscc  liiscs  for  the  salte  of 
simplicity,  although  the  actual  electron  dbtribution  between  the  bonds  b  more  complex. 


<H...Ov 


The  imjll  jhlfi  of  ihcnuxtnium  of  the  phoiphofy!  group  ahsotptlon  band  catiscJ  by  adJltlon  of  vaiei  to  •  $o1«- 
lloo  with  the  molar  ratio  TOP:  IIMO}'  1 : 1  can  be  explained  with  the  atiumptlon  of  the  following  mechantjm  of  addl* 
tlon  cf  water  moleculei  to  the  complexr 

cnoj,  ro. . .  MONO,. ..  iioM 


(no),ro...iio  — N  ri — oii...op-(on),< 


Ao  analogous  mechanism  was  postulated  for  the  formation  of  nitric  acid  hcml-  and  mooobydrate  (29^$]: 

OU  OH 


or  noil 


...<A 


IIOH. 


The  formation  of  a  oiulc  acid  hydrate  Intemlflet  the  acidic  propcttles  of  the  complex  C29).  Accordingly,  hydratloa 
'  of  the  TBP'IINQi  complex  or  solvation  by  additional  nitric  acid  molecules  should  produce  a  further  decrease  la  the 
vibrational  frequency  of  the  phosphoryl  group;  this  is  found  to  be  the  case  (Table  2). 

The  above  results  show  that  in  the  solutions  studied  the  molecules  are  Joined  by  hydrogen  bridges.  Whereas  at 
rsot  very  high  niulc  acid  concentrations  In  solution  we  can  still  speak  of  the  exbtence  of  discrete  panicles,  such  as 
TBP*  UNO],  TOP’  liNQi’lljO.  TOP*  lINOj,  tlNOj.  and  others,  at  high  nitric  acid  concentration  and  with  an  Increased 
amount  of  water  In  the  organic  phase  it  Is  Impossible  to  identify  discrete  (isolated)  aggregates  of  simple  compositloo. 
to  this  case  it  Is  appropriate  to  refer  to  structural  order  In  the  liquid. 

Having  elucidated  certain  details  on  Iniermolccular  interaction  In  the  TOP-fiNQi-HjO  system,  we  caa  discuss 
in  more  concrete  terms  the  peculiarities  of  the  data  represented  by  Fig.  1.  The  unlimited  miscibility  of  TOP  with 
anhydrous  nitric  acid  favors  formation  of  strong  hydrogen  bonds  between  TBP  and  HKQi  and  subsequent  continuous 
solvation.  The  absence  of  ion  pain  hclp^s  the  solution  to  remain  homogeneous  in  the  region  of  low  concentratlois  of 
HSPi  in  TBP.  Water  has  considerable  solubility  both  In  TBP  and  in  TBP'*  llKO|  mixtures.  Fhase  separation  of  the 
ternary  system  Is  evidently  the  result  of  competition  between  water  and  TBP  for  HN’Pi.  Excess  water  causes  loniza* 
tlon  of  the  acid  and  separation  of  water  with  the  ionized  acid  In  an  Indepxmdent  phase.  The  decrease  of  the  solublll* 
ty  of  water  in  the  organic  p>h3se  with  Increase  of  nitric  acid  concentration  b  due  to  the  lower  stability  of  the  HOMO^..* 
...NOH  bond  In  comparbon  with  the  (RO)}rO...IIOM  bond.  The  other  possible  mechanbm  of  water  additloo 

(nOjjPO.. .!!/>.. .IlNOfc 

apparently  should  not  lead  to  a  decrease  of  the  solubility  of  water  with  IncreasLng  IIKO^  concentration.  The  fact  that 
the  solubility  of  water  in  the  organic  phase  remains  roughly  cons'ant  after  the  molar  ratio  T6P:HNO|«l:l  has  been 
reached  b  corubtent  with  a  chain  solvation  mechanbm  of  mooosolvated  nitric  acid. 
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Calculations  of  ESR  spectra  with  hyperfine  structures  are  presented;  various  ratios  of  compooeot  width 
to  splitting  are  used.  Results  arc  presented  for  equal  components (1:1. 1:1:1. 1:1:1:  l,l:l:l:ltl, 
1:1:1:1:1:1)  and  for  binomial  Intensity  distributions  (1: 2: 1, 1 : 3:3: 1, 1 : 4: 6:4: 1).  The  calcula* 
tions  have  been  made  for  gausslan  and  lorentzian  line  shapes.  Nomograms  ate  given  for  deriving  the 
true  line  parameters  from  the  observed  ones.  Methods  of  analyzing  actual  spectra  are  presented. 


Spin-resonance  techniques  are  now  eaterjively  used  In  physics,  chemistry,  and  biology;  In  particular,  ESR  spec- 
ua  ate  used  in  studies  on  radicals  and  iorts,  on  reaction  kinetics,  and  on  interactions  in  aod  between  molecules.  The 
parameters  that  can  be  measured  are  1)  the  area  under  the  absorption  curve,  2)  the  hyperfine  structure  (HS),  number 
and  strengths  of  components,  3)  line  widths,  aod  4)  line  shapes. 

It  b  usually  difficult  to  determine  these  parameters  (except  the  fiist)  on  account  of  overlap  between  components, 
anuotropy  in  the  g-factor,  or  hyperfine  splitting  **  ^  '^rc  to  find  an  ESR  spectrum  fully  resolved;  analysb  of 

such  spccua  b  still  difficult,  and  the  results  are  often  not  unique  (or  ‘even  correct).  Line  shapes  admit  of  analytic 
treatment  only  in  the  simplest  cases  (singlet  [3]  and  doublet  [1J  lines).  The  best  test  of  any  interpretation  b  to  com¬ 
pare  the  theoretical  spectrum  with  the  observed  one,  as  has  been  done  In  some  cases  (5-7J  with  very  good  results.  Ex¬ 
perience  has  shown,  though,  that  the  volume  of  calculations  can  be  very  large. 

Here  we  give  some  calculatiorss  on  ESR  spectra  performed  on  a  high-speed  computer;  many  parameters  have 
been  varied  in  order  to  cover  the  majority  of  spccua  actually  encountered.  It  b  shown  below  that  these  calculations 
enable  one  to  interpret  spccut  comparatively  readily. 

The  problems  to  be  handled  in  order  to  cover  all  practical  cases  are  as  follows. 

1)  ESR  spccua  with  urucsolved  HS  must  be  calculated  for  various  line  numbers.  Intensity  disuibutlorts,  and  ra¬ 
tios  of  component  width  to  splitting  on  the  assumptions  that  the  components  are  syTrmeuical  aod  have  the  same 
width  aod  splittuig.  Thb  b  to  for  many  free  radicab  and  ioo-radicab  in  the  liquid  state  (see  (SJ.  for  example). 


Fig.  1.  Theoretical  parameters 
of  an  ESR  spectrum  showing  HS; 

b  the  center  for  the  extreroo  ' 
components,  A  Hi  b  the  width(bc- 
tween  points  of  maximum  slop>e)  oi 
a  compooent ,  and  A  H^  b  the  width  of 
the  composite  spectrum. 


2)  ESR  spccua  as  above  must  be  calculated  on  the  assumption  that  the 
comporiects  differ  in  width  (as  for  ions  and  radicals  in  structured  liquids  (9). 
amorphous  polymers  (lOJ.  etc.X 

3)  ESR  spccua  as  above  also  occur  with  anbouoplc  g-factors  (ipnsaod 
radicab  in  solids,  biological  objecb,  etc.  (2, 4-6,  lOjl 

Here  we  give  results  for  some  of  these  problems.  ESR  speeba  were  con¬ 
sidered  for  HS  components  from  two.to  six  In  number,  the  Intensity  ratios  be¬ 
ing  1 : 1,  1: 1: 1. 1: 1: 1: 1, 1:  It  li  1: 1, 1: 1: 1: 1: 1: 1.  Is2t  1,  1: 3: 3i  1, 

1 : 4 : 6: 4 1 1,  aod  the  forms  being  gausslan  aod  loccotzlan. 

A  very  general  form  for  the  llrse  shape  La  universal  coordinates  (Fig. 

.  ...... 

/  (x)  M  2  (1) 
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‘  llctc  n  It  the  number  of  conifonentt,  the  *ie  the  Intemiiy  f«ctort«  aoJ  k  U  the  number  of  the  com{K>neaC 
reckoned  fiom  the  edge  of  the  ipcctiumi 


(I  I  l.:t.T5*VP’)  ' 


LcrcntxJja  form 
CauuUn  form 


9  X  Aflp-  U  the  partial  iplliilng  between  componenti,  Alf^  b  the  width  between  polntj  of 

maximum  slope,  b  the  field  corresponding  to  the  middle  of  an  extreme  component,  and  II  b  the  varying  maguetlc 
Held. 

Thus  all  parameten.  If  tefened  to  AH^,  are  dlmenslonlcM. 

The  0  used  range  from  0.3  to  6.0  by  intervals  of  0.2  (or  smaller  la  the  critical  range)  and  for  x  from  >S0  to 
(a*l)0/2  (lorcntziaa  fomijor  from  *2.50  to  (n  •  1)3 /2  fgausslan  fonn]  by  steps  of  0.1 .  The  derivative  curve  r(x) 
was  eomputed,  for  thU  b  the  most  usual  form  for  ESR  recordlng;t  at  preseoi. 


The  calculatloru  were  performed  on  the  high*spced  computer  In  the  mathematics  sectloo  of  thb  Ixutltute.  The 
results  were  drawn  up  as  graphs  and  nomograms  representing  the  experimentally  observed  parameters  at  functions  of 
the  true  parameten.  Actual  spectra  may  be  analyzed  In  two  wajs,  namely  1)  by  direct  comparbon  with  theoretical 
spccua  and  2)  by  the  use  of  nomograms. 

1,  Direct  Comparlsoo  | 

Figure  2  shows  theoretical  results  for  six  identical  lorentzian  lines  for  several  0.  Clearly,  If  aa  actual  spectrum 
coincides  (apart  from  scale)  with  one  of  there,  the  parameters  may  readily  be  computed  by  reference  to  the  theoreti¬ 
cal  ones. 


Fig.  2.  Theoretical  ESR  spccua  with  six  IIS  compo- 
oenu  whose  Intensity  ratios  are  l:l:l:ltlrl:  lioo 
shape  lorentzian,  0  variable.  Only  half  of  each  spec¬ 
trum  b  given  here  and  In  Fig.  3,  because  the  secotsd 
half  b  a  minor  Image  of  the  fbss. 


Fig.  3.  Theoretical  ESR  spccua  with  five  KS 
componenu  In  the  intensity  ratio  l:4:6:4tl| 
lorentzian  shape,  0  variable. 


Our  results  eruble  us  to  draw  some  general  conclusions  of  value  In  the  analysb  of  unresolved  ESR  spccua  (cvea 
if  the  specua  are  tsot  comparable  with  any  theoretical  ooesX 


a)  The  KS  b  lost  when  Al(|  ■  1.16 AHp  (lorentzian  form)  or  AH| « 1.41  Aflp (gausslan  forroX 

b)  The  positions  of  the  HS  cornponenu  la  a  partly  resolved  spectrum  are  very  tsearly  those  at  which  the  first- 
derivative  curve  cuu  the  baseline  (componenu  of  symmetrical  surroundings  should  be  used  for  ihbX 
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c)  Pooc  rrfcluiloo  of  ihc  US,  If  ihU  combti  of  IJcotlcil  componcnti,  resultj  fo  •  p*rtlal  loii  of  the  central  com* 
pooeou;  a  binomial  Intensity  dbtiibutloQ  causea  a  partial  lou  of  the  tide  components,  whose  apparent  poiltioa  la 
moved  outwards. 

d)  Incorrect  Interpretations  rray  be  reached  for  in  the  critical  range  (1. 0-1,7);  here  point  c>  is  useful,  arsd  so 
b  the  obscrvaiioa  that  the  side  components  are  resolved  at  lower  d  than  the  central  ones  aod  are  rabed  above  the  base¬ 
line  if  the  dutribuiloo  b  binomial  (Fig.  3). 

7,  iJse  of  Noroogrami 

Figures  4  and  S  show  nomograms  for  use  with  unresolved  ESR  spectra.  Tbe  absebsa  b  0,  the  ordinates  being 
ah* /a  Hp(patt  a),  0  (part  b).  AH*jj^.j^A  Hp  (partj  c-e  of  Fig.  4)  (p*rt  (  ^  Ffg-  *0 

asterbk  denotes  measured  quantities,  h  and  £  Ming  the  oumben  of  components,  and  the  amplitudes  of  those 
compeoents  as  measured  oo  the  first  derivative  (Fig.  1).  The  broken  lines  rcpresccc  the  relations  for  perfectly  resolved 
spectra.  The  spectra  are  resolved  to  the  left  of  tbe  hatched  vertical  line,  while  to  Otc  right  the  0  are  such  that  the 
specua  ate  completely  unresolved. 


Fig.  4.  Nomo^ams  for  analyzing  any  unre-  Fig.  5.  Nomogra.T»s  for  analyzing  any  unre¬ 
solved  ESR  spectrum  consbting  of  six  lorentzlao  solved  ESR  spectrum  consbting  of  five  loreo- 

compenents  equal  in  strength:  a)  AH^AHp,  la  Izlao  components  having  a  bLnombl  Iniensltj 

which  AH^  b  measured  between  the  maximum  dbtributlon:  alAM*/  Alf^.  In  which  Aii^  b 

for  the  first  component  and  the  minimum  for  the  measured  betwceo  t.\e  maximum  for  tbe  sec- 

sixth;  b)  AH^  AHp  In  which  AH^  b  twice  the  db-  ond  component  and  the  minimum  for  the 

taoce  from  the  ccctcr  to  the  point  of  maximum  fourth;  b)  AH^  AHp,  in  which  AHj  b  mea- 

slope  for  the  first  component;  c)  aa  sured  betwceo  the  maximum  aod  minimum 

measured  between  centers  for  the  first  aod  sixth  for  the  central  compcccct;  c)AH^^.^j/ 

components;  d)  AHj(2.5/AHp,  in  which  /AHp,  In  which  AHtd.j)  b  measured  bc- 

AH^(2o5)  ^  measured  between  the  centers  of  tween  the  centers  of  the  second  aod  fourth 

the  second  and  fifth  components;  e)  AH^j^j,  components;  e)  ^  (curve  1),  (j/ IJ (curve 

'  as  measured  between  the  centers  of  the  third  aod  2),  and  1^1/ (curve  3),  in  which  the  C  are 

fourth  componenu;  0  Ij/li  (curve  1)  aod  1^1^  the  amplitudes  of  the  derlvatlvea  for  tbe  cor- 

(curve  2),  in  which  the  I*  are  the  amplitudes  of  responding  compooeota.  • 

the  derivatives  for  the  coaespoodiog  coropooeots. 

Figures  4  aod  S  enable  one  to  cst4blbh  how  far  the  meaiured  parameters  deviate  from  the  true  values;  clearly, 
the  deviation  b  tbe  greater  the  poorer  tbe  resolution.  .Table  1  Ibts  the  maximal  errors  of  AH^,  AHp,  aod  AH^;  AHp 
b  assumed  to  be  measured  betwceo  the  centen  of  compooeots  having  the  nxMt  symmetrical  sunouodlngs.  Tbe  etroo 
relate  to  the  case  in  which  the  HS  b  somewhat  resolved  (k  b  the  oumbex  of  the  compooeou,  aa  reckoned  from  tb« 
ccctcr,  that  are  used  In  measuring  A H^).  Then 
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^  ks/r,  +  A//|, 


(2) 


We  have  A||^i(o~l)  AHp«  if  all  componcnti  are  the  iame«  to  Atfp  can,  u  a  rule,  be  estimated  accuratelj  foe  a 
|>artly  resolved  spectrum.  Formula  (2)  gives  Al?^  to  10-15^oc  »o. 

Now  we  consider  how  the  rK>niogrami  may  be  used  to  Inier|-<ec  urucsolved  spectrsu  Here  there  are  several  pro- 
blems,  which  differ  In  complexity. 

a)  The  structure  and  AHp  are  known.  ThU  case  Is  a  cotnmon  one,  for  the  resolution  may  be  dependent  oa 
temperature  or  concentration  by  virtue  of  variation. in  AM^  [4],  The  ratios  of  the  Imensitiet  give  AH^/AH^  If  the' 
spectrum  is  partly  resolved  (part  f  of  Fig.  4  or  part  e  of  Fig  5),  so  AH^  is  known;  error  about  2^,  Nomogram  gives 
AH^/AHp  from  AH^  if  the  spectrum  b  not  resolved;  error  about  10^, 

b)  Only  the  structure  b  known  (on  the  basb  of  structural  chembixy  or  from  comparbon  with  theoretical  spectra). 
We  find  AHp  as  the  distance  between  the  centers  of  central  lines  if  the  spectrum  b  partly  resolved;  then  the  procedure 
b  as  above.  Trror  about  10^;  chb  can  be  reduced  if  AH^  b  coaected  by  rcferecce  to  paru  c,  d,  and  e  of  Fig.  4.  We 
cannot  determine  AH|  and  AHp  if  the  spectrum  b  noc  resolved  at  alU 

c)  AH  b  known  (e.g.,  from  quantum -mechanical  considerations).  Various  structures  are  tested  and  the  AH^/ 
/AHP  are  determined  from  the  Intcruity  ratios  and  AH*  if  the  spectrum  b  partly  resolved.  The  structure  giving  the 
best  agreement  b  selected.  A  structure  b  assumed  and  AH^/AH^  b  found  as  Ln  b)  above  if  the  spectrum  b  uore* 
solved.  Theoretical  spectron  are  best  used  in  order  to  select  a  structure, 

TABLE  1,  Maximum  Errors  of  Measurement  In  Percent  for  Incompletely  Re¬ 
duced  ESR  Spectra  .  *  •  . 
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d)  No  details  of  the  spectrum  arc  known,  but  It  b  partly  resolved;  all  the  above  methods  (Including  that  of 
comparbon  with  theoretical  spectra)  are  brought  to  bear  in  order  to  determine  the  structure  and  parameters. 

CONCLUSIONS 

These  computations  on  ESR  spectra  provide  useful  general  luggcstlora  for  approximate  analyses"  of  unresolved 
ESR  spectra;  mcaru  of  more  rigorous  analysb  are  also  indicated,  b  b  probable  that  the  theoretical  spectra  and  nomo¬ 
grams  will  provide  a  means  of  facilitating  the  various  methods  of  anal^-sb  as  applied  to  ESR  spectra;  thb  should  make 
ESR  methods  all  the  more  valuable  for  a  variety  of  purpose*. 

•  We  are  In<lebted  to  V,  V.  Voevodskil  foe  valuable  advice  arid  assbtanee,  and  alto  to  Profeuor  A.  Ta.  PovuKt 
and  others  of  the  mathematics  section  of  thb  Institute  for  performing  the  calculation. 
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A  method  has  bcca  developed  for  determining  the  width  of  an  Ir)dlvldual  EPR  line  from  ao  unresolved 
doublet.  The  erfect  of  temperature  on  Individual  line  width  In  the  EPR  spectrum  of  Inadlated  poly> 
isobutylene  was  studied.  Ccitain  conclusions  are  drawn  coocrxning  the  unfreezing  of  internal  motions 
in  polyuobutylene  at  low  temperattrre. 

Investigations  by  various  methods  (measurcmc~*a  of  mechanical  and  dielectric  losses,  miclear  paramagoetlc 
resonance)  show  that  in  most  cases  Internal  motions  in  polymen  axe  unfrozen  with  increase  of  temperature.  This  un¬ 
freezing  may  be  of  different  character  In  the  crystalline  and  amorphous  states  of  a  polymer.  According  to  the  results 
cf  cucltar  magnetic  resonance  (NMR),  there  arc  three  characteristic  temperature  traruitlons  flj:  1)  a  low-tempera¬ 
ture  transition  in  the  100-200*K  region;  2)  a  transition  near  room  temperature;  3)  a  transition  in  a  hlg)tcr  tempera¬ 
ture  region. 

It  should  be  noted  that  this  classification  of  the  traruitions  Is  somewhat  arbitrary,  as  their  positions  vary  appre¬ 
ciably  for  different  polymers  and  as  they  occur  over  relatively  wide  temperature  ranges.  Is'hcreas  the  interpretation 
of  the  latter  two  traruitiocs  b  fairly  clear  (they  ate  associated  with  configurational  changes  afrecting  the  entbe  poly¬ 
mer  chain  aod  with  transition  into  the  vucofluid  state),  the  nature  of  the  motlorj  causing  the  low-temperature  transi¬ 
tion  b  still  obscure  in  most  cases.  We  therefore  studied  thu  traruitloo  In  the  case  of  polybobutyleoe  by  the  electron 
paramagnetic  resonance  method  (EPR)  which,  as  was  shown  eatlier  [2],  can  also  be  used  for  investigation  of  loteroal 
motions  In  polymen. 

Inadiatioo  of  polybobutyleoe  gives  rbe  to  ao  EPR  signal  consbting  of  two  Itnea  [3).  ascribed  to  the  radical 

r.ii,  cii» 

-Ji  - 

ill.  II  cii. 

The  splitting  b  22  oe.  The  sigrul  was  studied  in  the  temperature  range  between— 196  aod  —60* (at  about— SO* 
the  radicals  begin  to  recombine  rapidly).  Figure  1  shows  that  the  resolution  of  the  spectrum  depends  considerably  oo 
the  temperature,  owing  to  decrease  in  the  width  of  the  individual  components  AH|.  The  coctease  of  line  width  vitb 
rbe  of  temperature  indicates  that  lice  broadening  b  determined  by  anbotrople  interactions  which  become  leveled 
out  at  the  intensity  of  the  internal  motions  ircreaset.  Thb  mahes  It  possible  to  use  mcasurementa  of  for  obtain¬ 
ing  information  about  the  character  of  internal  roovemeou  in  polymer  chalna. 

Foe  dctermlnatiorts  of  the  values  of  from  ao  utuesolved  spectrum  we  ettabibhed  the  relationship  between 
the  positions  of  the  externaU  oo  the  experimental  curve  b  represented  by  the  following  equation  (the  spectrum  Is  re¬ 
corded  in  differential  forrob 

/(tf)  - ^  {cip  (- M  (ff -«)•)  + Mp  (-»•(//  + *)•)), 

where  H  b  the  magnetic  field  strength,  taken  from  the  resonance  value;  36  b  the  splitting  between  the  compooeota 
(measured  for  a  specuum  with  good  rcsolutlonX 


Let  2x  the  dlitancc  hetwreo  the  cone f ponding  extrcinalt  on  the  cxpcrlmcntit  curve;  then  the  rctatlonihip 
between  tod  6  U  reprerented  by  the  following  trxnicendental  equation: 

((*H  , 

"  c\p{2xb/Ml\).  .  ,  . 

The  graphical  solution  of  tbU  equation  b  given  In  Fig.  2.  The  graph  b  plotted  In  dimensionless  coordinates 
and  can  be  applied  to  the  calculation  of  any  doublet  if  the  form  of  the  Individual  line  b  close  to  the  Causslao.  ThU 
graph  was  used  for  determining  values  of  Al?|  at  various  temperatures  Fig.  3,  Curve  *).  ThU  figure  shows  that  the  llise 
width  dimlnbbes  steadily  over  a  range  of  100*  from  20  to  10  oe. 


ig  oersteds 


Fig.  1.  Eni  spectra  of  inadlated 
polybobutylerse  ar  various  tem* 
peratures. 


Fig.  2.  Graph  for  calculation  of  the  width 
of  an  Individual  component  from  an  unre¬ 
solved  doublet. 
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Fig.  3.  Relationship  between  bidlvidual  line  width  and  tentperature 
(a),  arsd  the  linear  atsamorphoiU  of  thb  selatloQshipCbX 

For  analysb  of  the  AH|^(T)  relationships  we  *>sed  the  formulas  (4]s 

A//j  »  ^  +  A//;  A//«  -  M/«  larciao(T.A/0  . 

where  A  ♦AH  b  the  width  of  the  utuveraged  line  (20  oe.);  b  the  contribution  to  the  line  width  which  Is  aver¬ 
aged  during  unfreezing  of  Internal  motions  (10  oe.X  ^  correlation  time  of  the  averaging  motion  (conespood> 


In^t/,  ■  1/^c  ^  rr«<}ucD<yX  Uilog  thU  formula  and  atrumlng  that 

V,  «\<cxp(-f//fr). 

ve  can  derive  a  linear  aoair>orpho«Li  for  the  telatloruhlp  between  the  variable  component  of  the  line  width  and  tern* 
peraturer 


log 


Figure  3  (curve  b)  shows  that  the  relationship  b  tatbfactorily  linear^  We  can  find  frona  the  graph  that  the  frequency 
of  the  averaging  motion  (in  tec**)  b 

V,  3- 10”  exp  (- 2000//?r). 

• 

A  detailed  knowledge  of  the  factors  determining  line  width  b  ncccstary  foe  elucidation  of  the  character  of  the 
averaging  motions.  In  the  case  of  radicals  (if  the  specimen  b  not  a  single  crystal)  line  widths  are  generally  associa¬ 
ted  with  anbettopic  spin-orbital  and  hyperfine  interactions.  In  the  present  instance,  as  for  most  hydrocarbon  radicals, 
the  former  interaction  b  weak  in  comparison  with  the  latter;  the  tatter  comprbes  interaction  with  the  nearest  proton 
and  with  the  protons  of  neighboring  methyl  groups  (we  duregard  Interaction  with  the  remaining  protons  because  of 
their  dutaoce).  For  estimation  of  the  magnitude  of  these  interactions  we  must  know  the  wave  function  of  the  unpabed 
electron. 

In  simplified  form,  ve  can  consider  two  extreme  cases  arbtog  on  removal  of  a  proton  from  the  polymer  chain; 

-e- . 

I 

II 

1.  The  fragment  atjumci  a  configuration  corresponding  to  sp*  hybridization,  and  the  wave  function  of  the 

H 

unpaired  electron  becomes  a  pure  atomic  p-functlon. 

2.  The  electron  configuration  of  the  fragment  b  uixrhangcd.  The  choice  between  these  two  possibilities  b  dc- 
tetmioed  by  the  magnitude  of  the  steric  hindrances  associated  with  valence  angle  changes. 

The  results  of  x-ray  structural  analysb  indicate  that  the  tetrahedral  angle  in  the  polyuobutylerse  chain  b  db- 
toned  and  b  126*;  thb  b  due  to  strong  tcpuUipn  of  methyl  groups,  b  b  therefore  to  be  expected  that  steric  hindrance 
in  thb  case  should  not  be  great,  and  the  fragment  undergoes  rearrangement.  This  b  also  comistent  with  the  hyperfine 
splitting,  which  b  22  oe.  in  agreemcct  with  theoretical  calculations  (SJ.  A  ter.tative  calculation  made  with  thb 
assumption  and  with  the  results  of  (C)  taVen  into  account  shoved  that  the  observed  lir^e  width,  at  least  la  order  of 
magnitude,  can  be  explained  by  inteiactioru  with  the  nearest  proton  and  with  protons  of  neighboring  methyl  groups; 
the  contributions  of  these  two  types  of  interaction  are  comparable. 

The  low-temperature  trarsixion  in  p>olyuobuty!cnc  was  studied  earlier  by  Powics  (2)  by  the  KhW  method.  Ve 
believe  that  tlie  transitions  observed  by  Powics  and  by  ourselves  are  caused  by  the  same  movements;  thb  b  Indicated 
primarily  by  the  agreement  beiveeo  the  temperature  ranges,  calculated  with  the  resonance  frequency  diffeieoces 
taken  into  account.  Powics  suggested  that  the  observed  decrease  of  line  width  ar>d  of  the  second  moment  of  the  UhJSl 
signal  b  due  either  to  unfreezing  of  the  rotation  of  157«of  the  CHj  groups  or  to  a  phase  uansltioo.  However,  despite 
the  appreciable  contribution  to  line  widths  made  by  interactions  with  methyl  groups,  unfreezing  of  the  rotations  of  • 
limited  number  of  methyl  groups  canrsot  give  rbe  to  the  large  deaease  of  observed  by  us.  primarily  because  of 
the  high  sy^nmetry  of  the  C!^  group>s.  The  alternative  suggestion  of  a  phase  trattsformatioo  b  likewbe  doubtful,  since 
the  traiaitloo  b  observed  over  a  very  wide  temperature  range  and,  moreover,  ictcrmolecular  Irsteractlons  should  be 
little  affected  by  a  phase  transition,  b  b  still  difficult  to  put  forward  a  reasonable  picture  of  these  motiora.  We 
think  it  possible  that  thb  decrease  of  lirse  width  may  be  caused  by  certain  cooformitloos  which  Influence  a  small 
portion  of  the  polymer  molecule  by  rotational  oscUlaiioo  of  the  fragment  of  the  type  with  ahlp^ 

T  r 

amplitude  possibly  auocUted  with  some  dUtortloo  of  the  valence  angles,  b  should  be  poloted  out  that  with  respect 
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to  iJie  (Jcaeaie  of  line  width  rotational  vibratlona  of  CO’amplUadc  ate  equivalent  to  complete  rotation  (8J,  It  !i  In- 
lereitlng  to  note  that  analogcut  motion  of  methylene  groups  In  an  undbtorted  polyroex  chain  can  account  quaoUu* 
lively  foe  the  cxpeilmentalty  observed  narrowing  of  the  nuclear  reaonaoce  line, 

l^e  hypothesis  that  sueh  motion exbtt  In  polymers  Is  In  agreement  with  the  results  obtained  for  ccxtaln  poly* 
men,  such  as  polyethylene  (9J  and  polyvinyl  chloride  [lOJ,  Such  movements  may  be  more  pronounced  la  polylso* 
butylene  because  of  the  relatively  low  bonding  energy  In  the  polymer  chain  pi], 
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The  effect  of  temperature  oo  NQR  frequencies  in  hcxacMoroeibane  was  studied.  The  magnitude  of 
the  potential  barrier  fer  the  structural  transition  in  ihb  compound  was  estimated. 

Crystalline  hcxachlorocthanc  at  room  temperature  has  rhombic  symmetry  In  the  group  dJJ  =  Pnma  (1);  the  unit 
cell  cestairs  four  molecules.  Livingston  (2]  studied  nuclear  quadrupole  resonance  (NCR)  of  Cl'*  nuclei  in  this  com¬ 
pound  at  77*K.  using  a  reget^rrative  detector  with  registration  of  the  signal  on  an  oscilloscope  screen.  Conclusions 
about  the  integral  intensity  of  NCR  lines  cannot  be  drawn  with  the  aid  of  this  methed,  and  line  width  cannot  be  mea¬ 
sured  with  sufficient  preebten.  The  reason  b  that  filters  eliminating  parasitic  amplitude  modulation  have  to  be  used 
for  observation  of  NCR.  Parasitic  amplitude  modulation  arbes  during  observation  of  signals  on  the  otcilloseopc  screen 
when  the  deviation  of  the  generator  frequency  b  chosen  to  be  considerably  greater  than  the  width  of  the  absorption 
Iit:e.  Much  mere  accurate  results  can  be  obtained  if  a  synchronous  detector  Is  used. 

We  used  a  rcgcr.crativc  detector  with  recording  of  the  fust  derivative  of  the  absorption  line  by  mc.'ns  of  the 
fpP-09  recoiding  irstrj.Tient  (3J.  Low-frcqucncy  modulation  of  the  90  cps  frequency  was  effected  by  the  HGPK-3 
standard  generator.  Foe  scanning  of  the  spectra  In  the  forward  and  reverse  directions  at  a  rate  of  1.5  hc/mln  a  War¬ 
ren  metor  revened  with  the  aid  of  two  additional  windings  on  the  stator  was  used.  The  depth  of  the  frequency  modu¬ 
lation  w*as  chosen  to  be  considerably  less  than  the  width  of  the  absorption  line.  A  time  constant  of  10  seconds  was 
used  in  the  synchronous  detector.  The  absorption  spectra  were  recorded  in  the  range  from  77  to  196*K.  Temperature 
variations  from  77  to  90*K  were  effected  by  addition  of  small  portions  of  liquid  oxygen  to  the  liquid  niuogen.  Iligjier 
temperatures  were  obtained  in  a  mixture  of  solid  carbon  dioxide  with  ethyl  alcohol.  Intermediate  temperatures  were 
obtained  by  cooling  of  a  special  refrigerant  mixture  (a  mixture  of  saturated  paraffbu)  by  means  of  a  tube  through 
which  a  stream  of  liquid  oxygen  was  passed.  Unsaturated  hydrocarbons  arc  unsuitable  for  thb  purpose  because  of  tbe 
explosion  tbk.  The  temperature  was  measured  with  a  thermocouple  to  a  preebion  of  not  less  than  *  1*K.  Specimens 
about  2  cc  in  volume  were  put  in  tbic  coil  of  the  generator  ebeuit.  situated  at  the  end  of  a  long  rigid  coaxial.  The 
'  whole  system  was  then  placed  In  the  icfrigerant  mixture.  The  system  was  cooled  for  one  hour  before  each  measme- 
ment  in  order  to  eliminate  the  ionuence  of  temperature  gradients  oo  the  NQR  lino  width.  The  absorption  frequencies 
were  measured  with  the  FCFQ-353  wave  meter,  which  gave  a  preebion  of  the  order  of  0.01^. 

Figure  1  b  a  record  of  the  absorption  spectrum  at  90*K.  and  Fig.  2  represents  the  relationship  between  tempera¬ 
ture  and  frequency.  Similar  measurements  of  the  frequency- temperature  relationship  were  performed  earlier  [4]. 
Utic  1  b  the  strongest  (the  integral  intensity  b  32C«of  the  intensity  of  all  four  lines.  Line  2  has  an  Integral  Intensity 
of  16^.  line  3.  2ST*.  and  line  4.  22^.  Thus,  32C«of  all  the  resonating  nuclei  conulbute  to  the  Integral  intensity  of 
line  1.  whereas  only  16C«  contribute  to  the  integral  intertslty  of  line  2. 

The  formation  of  a  fine  structure  In  the  NQR  spectrum  can  be  atuibuted  to  the  tsonequivalcnt  positions  of  tbe 
chlorine  atonu  in  the  crystal  lanice.  Indeed,  according  to  x-ray  structural  data  [1]  the  unit  cell  contalru  two  chlo¬ 
rine  atoms  la  the  symmetry  plane  for  each  molecule,  and  four  atoms  joined  fo  pairs  by  the  plane  symmetry  for  each 
molecule.  Therefore,  four  lines  are  to  be  expected  tt  the  NCR  spectrum,  two  of  which  should  be  twice  as  Intense  as 
the  other  two(Lo  accordance  with  the  mimbcr  of  equivalent  atoms  In  unit  volume).  The  small  difference  of  the  ratio 
of  integral  Intensities  of  the  NCR  spectrum  from 2: 1:2:1  b  due  partly  to  experimental  ertor  and  possibly  also  to 
rsonequivalcnce  of  the  crystal  cnvbonmcnt  of  the  respective  chloririe  atoms.  In  fact  for  lines  1,2,3,  and  4  the  ratio 
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(where  Sj  li  the  second  moment  of  the  absorption  line  and  At'j,  (j  the  half  width  of  the  line  between  the 
points  of  maximum  and  minimum  slope  of  the  absorption  line)  b  of  the  same  order  of  magnitude,  but  the  absolute 
values  of  the  momenta  are  rsol  equal: 


Curve  no. 

1 

3 

3 

4 

^^1 

18 

16 

17 

M 

As 

7«n 

620 

7no 

2C00 

6.5 

7.0 

10.0 

j/’Jr'Ar- 

4 

0.61 

0.62 

O.fO 

0.59 

r*V,;yA, 

1.26 

1.21 

1.21 

I.ZT  . 

All  these  data  are  in  relative  units  for  00*K.  It  b  easy  to  show  that  the  ratio  for  the  Gaussian,  Lo> 

rentz,  and  rectangular  forms  of  the  line  b  1,  •*  and  0.53  respectively.  The  ratio  where  S4  b  the  fourth 

moment  of  the  a^erption  line,  b  1.32,  l.CO,  and  1.16  respectively  for  these  forms.  It  follows  that  the  form  of  the 
absorption  lines  in  hexachlorocthane  b  close  to  the  rectangular. 


Fig.  1.  Spectrum  of  Ci”  in  hexachlorocthane  at  90*IC. 

At  195*K  the  hexachlorocthane  absorptlcn  lines  broadened  and  were  lost  In  the  amplifier  nobe  (Fig.  3X  ThU 
ean  probably  be  attributed  to  reorientation  or  rotation  of  the  molcculcs'io  the  lattice  (intramolecular  rotation  b  also 
pouible).  If  a  reorientated  pr-zotating  molecule  (including  a  molecule  with  internal  rotation  as  the  result  of  fluctua- 
tion)  b  regarded  as  a  defetk  to'the  crystal  lattice,  then  by  the  theory  of  hetcrophase  fluctuations  we  can  derive  a 
formula  representing  the  intcruity  decrease  of  KQR  lines  in  processes  of  thb  kind: 

.4- J,cxp(— ATjC/'"),  •  <0 

where  Aq  b  the  initial  intensity  of  the  NQR  line.  b  a  characterbtic  parameter  (determining  the  number  of  mote* 
cules  influenced  by  a  reorientated  or  rotating  molecule).  V  b  the  potential  barrier  per  mole,  and  the  constant 
(4J.  A  more  detailed  dbcusslon  of  the  mcchanum  of  partial  hindered  molecular  rotation  state  b  not  attained  at  once 
(primarily  owing  to  increase  In  the  amplitudes  of  rotational  oscillations  of  the  molecules  in  the  lattice  with  rbe  of 
temperature)  will  be  found  in  [4].  Formula  (1)  gives  the  value  of  about  8*9  kcal/mole  for  the  potential  barrier  lo 
hexachlorocthane.  Direct  measurements  of  the  relaxation  time  showed  that  the  broadening  of  the  lines  cannot  be  ex* 
plained  lo  terms  of  the  Buyle*0odin  lelaxatloo  rocchaobm  [5].  ThU  estimate  of  the  potential  barrier  must  be  regard* 
cd  as  reasonable. 

The  KQR  method  b  urtsuitable  for  obtaining  a  final  arttwer  to  the  question  of  the  nature  of  the  rptatloo.  be* 
cause  the  effects  of  molecular  reorientation  and  internal  rotation  are  exactly  the  tame:  the  signal  lotensUy  dimlo* 
bhes.  tf  such  processes  are  cooperative  In  character  the  potential  banier  should  depend  on  the  temperature.  Notucb 
dcpcaicnct  was  observed;  therefore,  the  cooperation  of  the  proceucs  b  probably  slight  [4].  The  problem  of  the  grad* 
ual  character  of  such  uansltiont  can  now  be  regarded  at  solved  by  numerous  experiments  on  nuclear  magnetic  resonance 

r 
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Fig.  2.  NQR  frequency -fempcfiturc  re-  Fig.  3.  Effect  of  temperature  oo  llrjc  lo- 

latiombip  foe  hexacMorocihaoe.  tensity  L  The  points  on  the  curve  repre¬ 

sent  average  values  from  several  deterrol- 
oatlotv. 

LITERATURE  CITED 

1.  Y.  Sasada  and  M.  Atojl.l.  Cbem.  Ph^v.,  21, 14S(19S3X 

2.  R.  Livingston,  J.  Phys.  Chem.,  M,  496  (1953). 

3.  V.  S.  Crcchishkin.  Ptibory  i  tcVhnika  ckspcrlmenta,  2.  31  (1959). 

4.  V.  S.  Crcchishkin.  CanJiJate's  Dissertation  [in  Russian] (Leningrad  gos.  Uolv.«  1959). 

5.  M.  Buyle 'Bodin.  Ann.  phys..  10,  533(19S5X 


All  abbreviations  of  periodicata  in  tbe  above  bibliography  are  ietter>by-letter  tranalltcf- 
atlons  of  the  abbreviatlona  as  ^Iven  in  the  ori^ir^al  Russian  journal.  Some  or  a//  of  thit  perl* 
cdteel  literature  may  »ell  be  available  In  Enillah  translation.  A  complete  list  of  the  cover* t»> 
cover  English  translations  appears  at  the  back  of  this  Issue. 


PHASE  TRANSITIONS  !N  Tlie  GOLD -PLATINUM  SYSTEM 

V.  V.  Saoadze  and  K.  I.  LabartVava 

V,  L  Lenlo  Ceorglaa  Polytechnic  Institute 
Tfanslated  from  Zhurnal  Stxul<tuxnolKhlmtl,  Vol.  2.  No.  6, 
pp.  703-711,  Novtmber-Dcccmbcr,  1961 
Original  article  submitted  April  2S,  1961 

Cold-platinum  allo^t  containing  10  and  25  atomic  ^of  platinum  vexc  studied.  The  alloys  vere  In* 
vestigated  by  the  method  of  consecutive  quenching  from  100  to  IC'S'7*.  It  was  shown  that  In  the  course 
of  mutual  dasolutioo  the  phases  pass  through  a  series  of  ordered  states. 

Introductibq 

Studies  of  the  Au-Pi  system  were  started  In  the  last  century,  but  r?.e^ase  diagram  was  finalized  only  In  1952- 
1953  (Fig.  1).  According  to  this  diagram,  platinum  and  gold  for  a  cc'r.ti;:-;;^^  series  of  solid  solutions:  in  a  eertala 
concentration  range  these  separate  out  into  a  gold-rich  (o^)  and  a  pjatinum-rlch  (oi)  phase  on  decrease  of  tempera¬ 
ture  (IJ, 


Fig.  1.  Phase  diagram  of  the  platinum— 
—gold  system. 


Johansson  and  Ha gsres  [2]  made  a  detailed  study  of  the  segregation 
of  a  homogeneous  solid  sciatica  in  the  alloy  containing  30  atomic  ^of 
platinum  by  a  thermal  met\c>d  and  by  measurements  of  eleetrical  resis¬ 
tance.  They  reported  certam  peculiarities  in  the  segregation;  in  particu¬ 
lar,  the  fact  that  scgrcgatica  cf  the  homogeneous  phase  is  considerably 
slower  at  high  temperatures,  f-ear  the  upper  boundary  of  the  two-phase 
region  (954*).  la  their  cp-eiea.  this  means  tnat  metastable  regions  where 
segregation  is  retarded  ex lat  cear  the  boundary  curve.  Another  observa¬ 
tion  of  interest  was  that  the  electrical  resistance  of  a  specimen  measured 
at  different  temperatures  periodically  approached  to  the  lower  limiting 
value. 

Victoria  (3J  Ir.veitigiZt'S  a  scries  of  go!d-platInum  alloys  with  25 
atomic  ^Pt  and  over.  He  measured  rcsbiance  variations,  established 
the  boundary  of  the  two-phase  region  mere  precisely,  and  showed  that 
the  rate  of  segregation,  which  is  very  high  in  the  region  of  medium  con¬ 
centrations.  falls  considerahly  outside  thb  regloo. 

Ifl  1951  Crubc,  Schneider,  and  Esch  (cited  in  (IJ)  wed  the  x-ray 


diffraction  method  for  Investigating  tiattsitlons  in  the  solid  state  and  diseoered  an  ordered  phase  of  the  composition 
AujPi  (a*-pbase)  below  1000*.  The  parameter  of  the  a*-phase  after  annealing  at  900*  increases  from  3.873  A  for  the 
alloy  with  5  atomic  ^Pi  to  3.918  A  for  the  alloy  with  25  atomic  ^Pc. 


The  most  detailed  investigation  of  the  gold-platinum  system,  virh  measurement  of  lattice  parameters  of  the 
alloys,  was  carried  out  by  Darling  et  al.  [4],  They  showed  that  the  parameters  of  alloys  In  the  one-phase  region  de¬ 
viate  only  slightly  from  the  line  corresponding  to  Vegaxd’s  law.  As  the  result  of  this  work  the  phase  diagram  assumed 
its  final  form.  Subsequently  Hardy  [S]  carried  out  a  thermodynamic  analysis  of  the  system;  comparing  his  results  with 
the  experimental  data  to  (4j  he  noted  that  they  were  to  good  agteerrsenx. 

Earlier  (6.7]  we  studied  the  Ni— Au  system  and  showed  that  mutual  dbsolutioo  of  the  phases  In  the  course  ct 
formation  of  a  homogetseous  solid  solution  proceeds  by  way  of  a-serlea  cl  ordered  states.  It  is  of  interest  In  this  re¬ 
spect  to  study  this  platinum— gold  system  which  is  analogous  to  the  oickcl— gold  system,  at  least  to  the  solid-phase 
region. 
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Ptcp*ratloo  and  TrcJtmcoc  of  the  Alloyi 

CoU-pIatinuiti  Jl!oyt  vcrc  prepared  from  gold  plitei  90.1>0^p*afe  and  platir^m  platei  00.8^ pure.  The  alloyv 
verc  made  in  a  high  •temperature  tungsten  furnace  under  vacuum.  In  corundum  cruciblei.  The  Ingots  were  forged  la 
the  cold  state  and  rcmelted.  This  treatment  was  repeated  four  times.  ar>d  the  allots  were  then  homogenized  under 
vacuum  at  900*  for  70  hours.  C)lindcn  of  each  composition.  0.4*0.S  mm  in  diameter,  were  cut  from  a  part  of  the 
alloys:  after  removal  of  the  surface  layers  by  etching  the  cylinden  were  again  annealed  at  900*.  for  30  hours.  The 
other  part  of  the  allo)'s  were  used  for  preparation  of  polbhed  sections;  these  were  etched  with  aqua  regia  and  used  for 
microstructure  investigatiors.  The  a*ray  patterns  shoved  tome  line  broadening;  the  alloys  were  therefore  annealed 
further  at  800*  for  2S  bouts  ai>i  then  cooled  slowly. 

The  lanice  pvarameten  of  the  allo^t  were  determined  simultaneously  with  a  back-renectloo  camera  and  the 
VRS-3  camera  mm  in  diameter  with  Cu-K^  radiation  from  the  333  doublet  at  0  *» 81*20*  for  the  c4-phate,  and 
from  the  422  doublet  at  0  «* 74*13*  for  the  0| 'phase.  The  paranieten.  densities,  and  other  characteristics  of  the  at* 
toy  arc; 


Alloy 

Pi.  ^by 

Pi,  atomic 

Parameter 

Patamater 

Density, 

Microhardocss, 

oo. 

wt. 

of  oj-phasc 

A 

of  ’cj-phase, 

A 

P 

H 

1 

10.2 

10 

4.055 

3.921 

19.9 

S.4S 

2 

25.15 

25 

4.047 

3.921 

20.2 

6.1 

The  alloys  were  investigated  by  the  method  of  consecutive  quenching,  described  earlier  In  [6],  !n  the  presecc 
instance  three  series  of  spcclme.ns  were  Investigated  simultaneously.  Spccimern  of  the  first  scries  were  heated  to  the 
required  temperature  and  quer.chcd  immcJlaicly.  Specimens  of  the  second  series  were  heated,  annealed  for  3  min¬ 
utes.  and  then  quenched,  while  specimens  of  the  third  series  were  quenched  after  10  minutes  of  annealing.  Because 
of  the  high  stability  of  these  alloys  they  were  heated  In  air  and  simultaneously  In  a  suitable  salt  bath.  No  differences 
between  the  two  sets  of  spccLmcrs  were  found  In  the  expcrLncr.tal  results.  For  the  alloy  with  10  atomic  ?»Pi  this 
process  was  performed  between  ICO  and  875*.  and  for  the  alloy  with  25  atomic C; Pi,  between  100  and  1000*  with  In¬ 
tervals  of  15*25*. 

Alloys  with  10  Atomic  of  Platinum 

• 

The  x*ray  diffraction  panerm  of  alloys  of  this  composition  at  rcom  temperature  contain.  In  addition  to  strong 
lines  of  the  Cl  solid  solution  based  on  gold,  weak  lines  of  the  0|  solid  solution  of  gold  In  platinum.  According  to  the 
above  d>ta.  aoout  9  atomic  ^Pl  is  dissolved  in  the  gold  lattice,  while  the  platinum-based  alloy  contains  about  3.S 
atomic  ^of  gold.  This  was  to  be  expected  from  the  phase  diagram,  which  also  shows  that  increase  of  temperature 
initially  raises  the  solubility  of  platinum  iu  gold  sharply,  whereas  the  gold  solubility  curve  b  almost  vertlcaL  There¬ 
fore  the  alloy  chilled  at  ICO*  and  held  for  3  minutes  shows  a  decrease  of  the  o^-phase  paiamctcr  due  to  transfer  of 
n  atoms  into  the  lattice  of  the  solid  solution.  The  value  of  the  parameter  teaches  3.916  A  and  after  a  halt  at 
150  and  175*  continues  to  decrease,  reaching  3.913  A  after  subsequent  quenchings,  which  b  lover  than  for  pure  plati¬ 
num.  The  parameters  of  the  0|*  and  o^-phascs  and  of  all  the  Intermediate  states  for  alloys  with  10  and  25  atomic  ^ 
Pi  are  shown  in  Fig.  2.  A  distinct  peiiodicity  b  seen  In  the  course  of  the  parameters.  The  causes  of  thb  periodicity 
are  discuued  in  dctlil  below. 

As  the  parameter  decreases  the  Intensity  of  the  0|*phase  diminishes  and  the  width  of  the  333  line  of  the  mala 
phase  and  the  background  of  the  x-ray  pattern  Increase  (Fig.  3).  From  100*  upward  the- solubility  of  gold  In  platinum 
alto  begins  to  increase  slowly;  thb  leads  to  formation  of  gold-rich  zones.  These  layers  of  the  new  phase  are  formed 
in  the  planes  of  the  Au~Pi  Lattice,  at  diffuse  halos  appear  even  at  190*  near  the  corresponding  lines  in  the  x-ray  pat- 
cernt  (the  two-dimensional  diffraction  effect);  the  halos  gradually  form  into  lines  (Fig.  4\  These  lines  can  be  Indexed 
in  the  cubic  system  with  the  parameter  4.065  A,  Le..  with  the  parameter  of  a  lattice  ccntalnlng  only  about  3  atomic 
^Pi.  Dissolution  of  the  gold*rich  formations  and  appearance  of  the  new  lUies  corresponds  to  a  sharp  decrease  in  the 
width  ofthe  333  line  of  the  main phase(Fig.  3).  a  dectease  4o  iU  intensity,  and  a  decrease  in  the  background  of  the 
x-ray  pattern,  b  b  seen  in  Fig,  2  ihst  the  parameters  of  the  a|-  and  a,-phases  diminbh  somewhat  here,  and  thea 
remain  unchanged  over  a  certain  temperature  range.  During  thb  period  the  formations  of  the  intermediate  phase  art 
dbsolvcd;  thU  b  accompanied  by  broadening  of  the  linci  and  intensification  of  the  background.  All  the  diffuse  Hoes 


dbappear.  Ai  a  reiuU  of  iliU  dbiotutton  the  gold  atomt  pan  Into  the  platinum-ilch  lolution  Increasing  the  parame¬ 
ter  to  3.916  A  at  260*.  On  the  other  hand,  the  platinum  atoms  enrich  the  gold-based  alloy  and  thus  decrease  the 
parameter  and  liKrease  the  mlcrohardness  and  density. 


Fig.  2.  Variations  of  the  pararneten  of  the  Oj-  and  Cj-phasei  for  alloys 
with  10  and  25  atomic  ^  Ft  with  the  quenching  temperature. 
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Fig.  3.  Effects  of  the  quenching  temperature  of  the  alloy  with  10 
atomic  ^  ft  on  the  width  (in  mm- 10**)  of  the  333  line,  mlaohard- 
ocss  H  thg/mm*),  background  S  of  the  a-ray  pattern  pog  I],  at)d 
density  p(g/cc)  of  the  oj-phase.  .  • 

Thus.  265-275*  corresponds  to  the  end  of  period  I.  Involving  transfer  of  gold  atoms  Into  the  platinum  lanice 
and  of  platinum  atoms  into  the  gold  lattice;  this  trarufer  proceeds  by  formation  of  Intermediate  gold-rich  Interlayers 
(zonesX  The  curves  in  Fig.  3  show  variations  of  the  microhardness  H,  the  background  of  the  x-ray  pattern  S,  the 
width  of  the  333  lice  of  the  o^-phase.  and  the  density  p  in  relation  to  the  quenching  temperature.  Densities  were 
determined  5  minutes  after  the  quenching,  and  then  after  1.2,24,  and  48  hours.  The  reason  is  that  the  alloy  detuity 
changed  sharply  after  the  quenching  and  then  slowly  reached  its  stable  value  over  a  period  of  24  hours,  and  sometimes 
48  hours.  These  stable  values  are  plotted  agairsst  the  quenching  temperature.  In  addition,  the  density  values  deter¬ 
mined  soon  after  the  quenching  are  shown.  The  distances  between  the  two  sets  of  values  ate  matched  for  clarity.  The 
greatest  discrepancies  are  found  if  substantial  changes  uke  place  in  the  alloy.  There  are  virtually  no  differences  be¬ 
tween  the  densities  in  regions  where  there  ate  do  such  changes. 

This  b  especially  clear  for  the  alloy  with  25  atomic  ^  of  platlnoin. 

At  about  270*  transition  period  tl  begins;  Its  course  U  analogous  to  that  of  the  fbst.  DUsolution  of  platlnura 
atomt  again  causes  a  reduction  of  the  parameter  of  the  0|*phase  to  3.913  A,  broadening  of  the  lines  of  the  maU 
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Fig.  4.  CompjxboQ  of  the  diffuse  haloi  la 
the  X'fjy  diffraction  patterns  near  the  422 
and  333  lines  of  the  main  phase  of  allo)! 
with  10  and  2S  atomic  ^Pc. 
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Fig.  S.  X'ray  diffraction  pattern  of  alloys  with  10  atomic 
C**Ft  quenched  at  SIS.  SIO,  and  590*. 
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Fig.  7.  X^tiy  diffraction  pattern  of  alloys  with  2S  atomic  C'Pt.  quenched  at  72S. 
7S0,  and  800*. 
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Fig.  8.  X-ray  diffraction  patterrts  of  alloys  with  25  atomic 
quenched  for  2.S  hours  at  1000*  and  for  2  and  3.5  hours  at  lOSOT. 


phase,  anJ  Incicase  In  the  backgrounJ  of  the  x*iay  pattern  (Figs.  2  and  3).  Foiinatlon  of  the  gold-rich  Intermediate 
zones  and  their  lost  (dUsolution)  from  the  main  phase  occurs  approximately  at  SCO*,  vhcre  the  intensity  and  vidth  of 
(he  line  of  this  phase  and  the  background  fait  to  a  minimum.  Dissolution  of  the  Intcimcdiate  formations  and  appear* 
ance  of  diffuse  lines  lead  to  further  dissolution  of  platinum  and  a  further  dccrc.sse  of  the  parameter  to  3.911  A.  flow* 
ever,  at  400*420*  the  diffuse  halos  near  the  main  phase  disappear,  and  the  intcimcdiate  formations  dissolve,  enriching 
the  a|*solid  solution  with  gold  atoms,  and  the  o^-phase  with  platinum  atoms.  The  parameter  of  the  0|*plsase  increas* 
cs  again  to  3.916  A  while  that  of  the  main  phase  undergoes  the  next  decrease.  In  the  x-ray  patterrss  this  dissolution 
process  is  accompanied  by  increase  of  the  background  and  broadening  of  the  lines  of  the  a|-phase.  This  complctci 
period  II  of  the  redistribution  of  gold  and  platinum  atoms.  Mutual  dissolution  of  the  phases  subsci^jeotly  proceeds  by 
the  same  routes  as  before,  but  now  the  quantitative  proportions  of  the  atoms  which  have  diffused  between  the  two 
phases  become  significant.  Thus,  in  the  SOO-600*  range  the  Oj-phasc  separates  into  two  solid  solutions.  0|  and 
As.  with  parameters  of  3.900  and  3.920  A  respectively. 

The  lines  of  these  phases  are  so  weak  that  any  analysis  of  intensities  is  impossible.  Therefore,  in  the  table  be* 
low  we  merely  compare  the  squares  of  the  sines  of  the  reflection  angles,  calculated  from  the  lattice  parameters  given 
above,  with  the  experimental  values: 


hk/  of  a*  * 
phase 

tin*  0  exptl. 

t  „  ,  :  hkl  of  cg  * 

sin  Ocale  .  * 

1  phase 

jsio*  0  exptl. 

sin*  0  calc. 

III  —  ~  1  111  0,118  0,116 

ihjo  o.ir,9  n.ia7  3  ytn  0.135  0,154 

220  0,313  0.312  f  32it  0.3^X)  0,3ti3 

311  ~  —  •  311  0.425  0.424 

331  0,742  0,740  f  .TH  0,736  .  0,734 

420  0.779  0,779  J  42t>  0.771  0,771 

422  0,912  O.yCl  1  422  <».925  0,025 

Figure  5,  which  gives  the  x-ray  diffraction  patterns  cf  the  alloy  with  10  atomic  ^ft  quenched  at  515,  SIO,  and  590*, 
clearly  shows  chc  appearance  of  two  similax  systems  of  lines,  followed  by  ilsclr  coalescence  as  the  result  of  equaliza* 
lion  of  the  concentrations  of  the  platinum -based  rolid  solutions.  V-T.ilc  equalization  of  conccr.tratiora  Is  taking  place 
in  the  a|-phase,  the  formation,  separation,  and  dissolution  of  gold-rich  interlayers  proceeds  in  the  main  phase.  This 
dissolution  enriches  the  Oj-phasc  with  gold  atoms  and  its  parameter  reaches  3.916  A  at  590*.  This  concludes  yet 
another  stage  in  the  course  of  phase  dissolution.  Rise  of  temperature  above  625*  leads  to  a  new  distributioa  of  atoms 
with  enrichment  of  the  platinum -based  solid  solution  with  p.atinum  atoms  by  way  of  formation  and  dissclutioo  of  in¬ 
termediate  zones.  This  redistribution  leads  to  splitting  of  the  a|-ph3sc  lines  at  740*.  The  character  of  this  splitting 
is  such  that  the  lattice  of  the  a|-ph3se  passes  into  a  tetragonal  lattice  with  the  pjr3mctcrs£  =  3.920,  c  =3.900  A,  and 
c/£*0.99.  Calculations  based  on  the  x-ray  patterns  of  alloys  quenched  at  740*  give  the  following  results: 


hkl  of  ag^ 

sin*0  xs 

iin*0  calc. 

’hJt/  ofotg'j— 

lio*  0 

tii;*0  calc. 

phase 

exptl. 

1 _ phase _ 

_ expjl. _ 

111 

0.118 

0.116 

331 

0,7.32 

0.732 

200 

0.151 

0.154 

133 

0,738 

0,735 

002 

0.156 

0,156 

420 

0,773 

0.772 

220 

0..T0C 

0.308 

IC4 

0.778 

0,776 

022 

0..*t|0 

0,310 

422 

0,924 

0,925 

311 

0,425 

0,424 

224 

t»,929 

0,9  JO 

The  formation  and  subsequent  growth  of  gold-rich  zones  in  the  main  phase  is  most  distinct  In  (his  temperature  range. 
Diffuse  halos  arise  rsear  the  lines  of  this  phase;  they  are  apparently  caused  by  two-dimensional  drffraction  effects 
gradually  appearing  In  the  lines.  This  may  be  seen  especially  clearly  near  the  333  and  422  lines  of  the  main  phase. 
The  arrow’s  in  Fig.  4  indicate  shifts  of  the  333  and  422  lines  for  alloys  with  10  atomic  ^Pi,  quenched  at  71S,  765, 
and  800*.  It  may  be  seen  that  the  fluctuation  of  the  parameter  of  the  main  phase  in  the  direction  of  an  IrKrease  at 
850*  is  due  to  the  presence  of  strong  diffuse  halos  rtcar  the  main  doublet  lines  and  to  corucquent  cnoa  in  their  mea¬ 
surement.  Similar  effects  are  observed  for  alloys  with  25  atomic  ^  Pi  (Fig.  2).  DUsolution  of  t^  intermediate -phase 


focm.itions  IcaJj  to  JborJctlng  of  the  The  lattice  bccotncj  coble  *giln.  fu  raramcicf  Increaies  while  ihai 

of  the  C|-f'ha$e  Jccicajr*.  Even  at  Eli*  the  two  jviramctert  converge,  inJicatlng  formation  of  a  homogeocoui  tolld 
lolutlon. 
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Fig.  6.  Effect  of  the  quenching  temperature  of  alloys  with  2S  atomic  ^ 

Ft  on  the  wiJth  of  the  333  line,  the  microharJnest  H.  bacl<g;round  of  the 
x-ray  pattern,  and  density  p  of  the  n^-phase  (for  measurement  units,  sec 
Fig.  3). 

Alloys  with  25  Atomic  ?»of  Platinum 

Alloys  of  this  composition  arc  also  two-phase  at  room  temperature:  they  consist  of  the  a|-phasc  with  parame¬ 
ter  3.321  A  and  the  Oj-phasc  with  parameter  4.W7  A.  Thus,  the  lattice  of  the  platinum -based  solid  solution  has  the 
same  gold  content  as  the  coricsponJing  phase  of  the  lO*?*  alloy,  whereas  the  gold  lattice  contains  much  more  dissolved 
platinum.  As  before,  rise  of  temperature  leads  to  transfer  of  platinum  atoms  from  the  0|-phasc  Into  the  Cj-phase, 
accompanied  by  a  decrease  of  the  parameter  of  the  first  phase  to  3.017  A  and  broadening  of  the  lines  of  the  second 
phase  (Fig.  6).  This  is  the  lower  limit  of  the  decrease  of  the  parameter.  In  contrast  to  alloys  with  10  atomic  ^iof 
platinum,  where  the  parameter  diminishes  to  3.103  A  and  even  less,  the  parameter  of  the  a|-phase  almost  teaches 
that  of  pure  platinum  but  does  not  fall  below  that  value.  Every  time  that  the  parameter  of  the  0|-ph3se  falls  to  this 
limiting  low  value  the  width  of  the  333  line  of  the  main  phase  exhibits  a  maximum  (Fig.  6).  thereby  indicating  max¬ 
imum  lattice  distortion.  During  this  period  gold-rich  zones  of  the  intermediate  phase  are  formed  in  the  crystal  lanicr 
of  the  oj-phase  causing  additional  dissolution  of  platinum  and  a  dccieasc  of  the  parameter  of  the  a^-phasc  at  200*. 

Further  rue  of  temperature  leads  to  dissolution  of  this  intermediate  formation,  enrichment  of  the  platloum- 
•based  solid  solution  (the  aj-phase)  with  gold  atoms,  and  increase  of  its  parameter  to  3.920  A.  At  the  same  time  the 
gold-based  solid  solution  (the  0|-phasc)  is  cruiched  with  platinum  atoms  and  its  patameter  decreases.  Accordingly, 
at  223*  the  width  of  the  333  line  of  the  main  phase  reaches  a  minimum  while  the  hardness  rbes  slightly.  The  demity 
of  the  alley  also  Incicascs  a  little  In  this  temperature  region  (Fig.  C).  A  similar  proccu  of  tcdbtributlon  of  gold  and 
platinum  atom  with  rise  of  temperature  Is  repeated  periodically,  terminating  at  32S.  4S0,  and  600*.  The  width  of 
the  333  line  of  the  main  phase  reaches  a  minimum  at  the  same  temperatures.  The  hardness  of  this  phase  gradually 
increases  with  increasing  platinum  content.  It  is  intcicsting  to  note  the  course  of  the  density  variations.  As  stated 
earlier,  dcnsltitet  were  determined  Immediately  after  the  quenching  and  then  several  timet  more  at  Intervals.  The 
spread  of  the  density  values  was  fairly  considerable  in  the  region  where  processes  of  atom  rcdistiibutioo  and  formation 
of  intennediate  zones  are  the  most  intensive.  In  the  region  where  these  processes  terminate  and  the  parameter  of  the 
a|-phase  reaches  iu  maximum  Value  ail  the  densities  converge  at  one  point  with  very  little  scatter.  This  is  clearly 
seen  in  Fig.  6.  It  must  be  pointed  out  that  segregation  of  platlirjm -based  solid  solutions  with  very  low  values  of  the 
parameter,  observed  alloys  with  10  atomic  ^Pt  in  the  SOO-COO*  range,  does  not  occur  In  alloys  with  23  atomic  ^ft. 
However,  as  In  the  previous  case,  tplining  of  the  lines  of  the  0|-phase  occuis.  Hie  lattice  of  this  phase  becomes 
tetragonal,  with  the  parameiers  a  >3.020,  c  *3.000  A  and  c/s  *0.99,  while  the  intensity  becomes  almost  equal  to  the 
intensity  of  the  main  phase.  Figure  1  shows  the  x-ray  patterns  of  alloys  with  2S  atomic  ^Pi,  quenched  at  72S,  7S0, 
and  800*.  The  following  ictults  were  obtained  for  the  x-ray  psitetn  of  the  alloy  quenched  at  7S0*(the  intensities  od 
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the  ocf?)2je  lines  were  calculated  approxiniately  vith  the  Lorentx,  polarisation,  and  multipticy  factors  taken  Into 
accouoilb 
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The  suhrequent  changes  are  similar  to  that  already  described:  rise  of  temperature  to  800*  leads  to  coalescence  of  the 
split  lines.  A  disordering  process  begirs  caused  by  the  consequent  enrichment  of  the  a^*phase  with  gold  and  lost  of 
platinum.  At  825*  its  parameter  again  reaches  3.920  A  and  the  width  of  the  o^-phase  line  reaches  a  minimum.  The 
line  intensities  of  the  two  phases  become  almost  equal.  The  x*ray  patterns  of  alloys  quenched  above  825*  exhibit  to* 
tense  diffuse  halos  near  the  lines  of  the  main  phase  which  form  gradually  In  the  line  of  the  gold>ricb  phase.  The 
parameter  of  the  Intermediate  phase  gradually  diminishes.  Therefore  the  diffuse  lines  which  first  appear  on  one  tide 
of  the  lines  of  the  main  phase  move  over  to  the  other  side  and  begin  to  disappear  at  980*.  This  b  clearly  seen  In  Fig. 
4,  which  shows  diffuse  lines  near  the  422  and  333  lines  of  the  main  phase  In  the  x-ray  patterrs  of  alloys  quenched  at 
825.  875.  950,  and  980*. 

Dissolution  of  the  ir.termediatc  phase  results  In  enrichment  of  the  a^-phase  with  gold  atoms,  and  increases  its 
parameter  and  Iir:c  intensities.  At  the  same  lime  the  parameter  of  the  etj-phasc  gradually  decreases.  Alloys  quenched 
at  ICOu*  have  parameters  of  3.935  and  4.012  A.  Exposure  at  this  temperature  for  2.5  hours  Lncreascs  the  parameter  of 
the  first  p?53sc  to  3.912  A  and  decreases  that  of  the  second  to  4.010  A.  At  1050*  segregation  begins  in  the  main  phase. 
Very  diffuse  lines  of  a  phase  with  a  parameter  of  4.020  A  appear  near  each  line  of  the  o^-phase,  while  the  lines  of 
the  Oj-phajc  become  much  weaker.  Annealing  for  2  hours  at  1050*  leads  to  almost  complete  dbsolution  of  the  aj- 
phase  with  sharp  separation  of  the  lines  of  the  oj-  and  c^-pfiases  (Fig.  8X 

As  the  result  of  the  dissolution  of  the  cj-phase,  the  parameter  of  tlie  Cj-phaie  increases  to  4.017  A.  Further 
annealing  of  the  alloy  equalizes  the  cooccotraticns  of  tlicse  two  solid  solutions  vith  formation  of  an  ordered  phase  of 
the  AcjPl  type. 

DISCUSSION  OF  THE  RESULTS 

A  general  scheme  representing  the  mutual  dissolution  of  ph.tscs  in  the  gold-platinum  system  can  be  postulated 
on  the  basis  of  the  above  experimental  data.  This  scheme  b  shown  In  Fig.  9.  b  follows  from  the  foregoing  that  at 
room  temperature  alloys  containing  10  ai>J  25  atomic  arc  mixtures  of  two  solid  solutions  (a^  and  o^).  Piogret* 
five  Increase  of  temperature  results  in  rcdbtributioa  of  platinum  and  gold  atoms  between  the  phases.  Initially  the 
solubility  of  platinum  to  gold  increases  to  the  greater  extent.  At  the  result  of  dissolution  of  platinum  the  parameter 
of  thcO|  solid  solution  deexeaset  to  a  value  smaller  than  that  of  platinum  in  the  lO?* alloy  and  almost  down  to  that 
value  in  the  alloy  with  25  at.^  ft. 

locreate  of  the  solubility  of  gold  leads  in  its  turn  to  accumulation  of  gold  atoms  and  formation  of  gold-ricb 
interlayers  of  an  intermediate  phase.  On  further  increase  of  temperature  these  intermediate  formations  dbsolve.  eo* 
fiebing  the  platinum-based  solid  solution  with  gold,  and  the  gold-ricb  solid  solution  with  platinum.  Thb  type  of 
atom  reduuibutioo  by  formation  and  dissolution  of  an  intermediate  phase  b  periodically  repeated  on  increase  of  * 
temperature.  ThU  periodicity  of  the  process  rot  only  gives  rbe  to  regular  variations  of  the  lattice  parameters  but 
abo  influeoccs  variations  of  line  width,  density,  and  other  physical  characterbiics  of.the  alloys.  Redbuibutloo  of 
gold  and  platinum  atoms  between  the  solid  solutions  in  the  alloy  with  10  atomic  ^Pi  leads  to  segregation  in  the  a^- 
phase  and  formation  of  a  cubic  oi|-phase  in  the  500-600*  range.  Thb.  like  the  aj-phase,  b  a  platinum -based  solid 
solution  but  b  richer  in  gold.  Rbe  of  temperature  leads  to  le\-cllng  of  the  concentrations  and  disappearance  of  ihU 
phase.  In  the  715-790*  range  the  cubic  lattice  of  the  0|-phasc  becomes  tetragonal.  *TctragonalizatIon*  of  the  Oi* 
phase  in  alloys  with  25  atomic  also  occurs  In  the  same  temperature  range.  The  tetragonal  form  dbappears  with 
rbe  of  temperature  and  the  patameten  of  the  two  solid  solutions  begin  to  converge.  In  alloys  with  25  atomic  ^Pt 
the  a|-phase  dissolves  completely  only  after  several  hours  of  exposure  at  1050*.  As  the  result  of  thb  dbsolution  th« 
Ot-phase  becomes  enriched  with  platinum  and  segregates.  A  solid  solution  with  a  parameter  of  4.017  A  (the 
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fhlje)  U  formed.  Cquiliziiioo  of  the  corKent/jtlor\s  of  these  two  gold-based  solid  solutions  leads  to  the  fonnatloa  of 
1  one-phase  alloy  with  ao  ordered  structure  of  the  AujPi  type.  Supcntructure  lines  arc  very  difficult  to  observe  In  the 
Ft-Au  t)'stcm  because  they  are  eatremcly  weak.  However,  it  may  be  concluded  on  approxlmau  geometrical  grouodlt 
that  the  ag~pt}ise  which  fomis  in  the  SOO-600*  range  Is  an  ordered  pliase  of  the  Ft^u  type,  whereas  tetragonallzatloo 
of  the  lattice  occun  as  the  result  of  ordering  with  the  composition  PiAo. 

Thus,  mutual  phase  dissolution  in  the  Ft^Au  system  proceeds  by  way  of  a  series  of  ordered  states  In  exactly 
the  same  way  as  was  demonstrated  by  us  in  the  Ni^Au  system  (6.7). 
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Fig.  9.  Schematic  diagram  of  the  intermediate  states  arblng 
during  mutual  dissolution  of  phases  in  the  Ft-Au  system. 

It  is  interesting  to  note  that  the  presence  of  ordered  phases  of  the  types  of  AujPt.  Fty^u.  PiAu  in  the  Pc—Aa 
t)‘stem  was  discovered  as  long  ago  as  1930  [S].  However,  subsequent  invest igatiotvs  refuted  this  result  and  only  a 
final  ordered  phase  of  the  composition  AujFt  was  found.  The  cause  of  these  contradictions  is  clear  in  the  light  of  the 
present  Lnvestlgation.  The  reason  b  that  Fi^^u.  PtAu  and  AujPt  are  not  stable  phases  which  exbt  in  definite  tempera¬ 
ture  ranges  but  are  merely  ordered  states  which  arbe  in  the  course  of  mutual  dissolutioo  of  the  phases. 
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M.  V.  Lomonosov  Moscow  State  Unlvenlty 
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The  structure  of  crystals  having  the  over-all  formula  NH^CUfNHjl/ClO^^  was  investigated  by  the 
x-ray  diffraction  method.  The  crystals  belong  to  the  tetragonal  system:  a  slO.SO.  c  =  7.S0  A,  N32. 
Space  group  Pl2|m.  Magnetic  moment  =  1.77  pg.  The  crystals  exhibit  a  considerable  piezo 
effect.  The  structure  was  dctcmiined  from  the  (001)  and  (110)  projections  of  the  interatomic  func¬ 
tion.  by  geometrical  analysis  in  conjunctioo  with  the  method  of  trial  and  error,  and  from  the  (001) 
and  (110)  electron  density  projections  vitli  the  aid  of  the  Booth  correction.  The  structural  elements 
arc  (Cu(NHj)4J**squ3rc  complexes.  NH*  and  CIO4  Ions,  and  NHj  groups.  The  Cu-NH|  distances  are 
i2.07  s  0.02  A.  There  are  numerous  hydrogen  bonds  between  the  NIf|  groups  and  NH/  and  CIO4  Ions. 


In  the  course  of  studies  of  the  crystal  chemistry  of  complex  conrpounds  of  bivalent  copper  (and.  In  particular, 
its  amines)  in  the  Laboratory  of  Crystal  Chemistry  of  the  Chemical  Faculty  of  Moscow  State  University  crystals  of 
CufNHjl^PtCl^fl  J,  Cu(NHj)4*(N02\  (2).  CuPyj(NCS)i  [3]  were  investigated  by  the  x-ray  structural  method.  In  tbU 
paper  we  present  the  results  obtained  by  structure  arulysis  of  NH4Cu(NHj)/C]04)]  crystals. 


An  account  of  the  preparation  of  the  substance  and  its  crystallographic  characteristics  are  given  In  an  earlier 
brief  communication  [4].  The  lattice  parameters  were  determined  from  oscillation  x-ray  patterns  along  the  [100]. 
£001].  and  [110]  directions  and  refined  from  the  distant  spots  of  zero  layer  lines  taken  with  the  Wessenberg  x-ray 
goniometer.  The  cassette  radius  was  determined  with  the  aid  of  an  NaCl  standard.  The  following  values  were  ob¬ 
tained:  a  =b  =  10.59i  0.02.  c  =  7.50i  0.02  A;  N  =  2;  d.,.-,„  =  1.84,  d  sl.84  g/cc.  The  crystals  belong  to  the 
D«h  =4/mm  diffraction  class.  In  accordance  with  the  extinctions  i6und.  the  space  groups  Dj^sPICim  and  D^  » 
>ri2|  ate  possible.  The  absence  of  an  inversion  center  is  confirmed  by  the  suong  piezo  effect.* 


The  structure  was  determined  by  recording  of  the  zero  layer  lines  during  rotation  of  the  crystal  about  the  [001] 
and  [110]  axes.  The  reflection  intcruitics  were  estimated  visually  on  a  blackening  point  scale.  The  squares  of  the 
structure  amplitudes  were  calculated  with  the  polarization  and  Lotentz  factors  taken  iisto  account;  the  absorption 
factor  was  disregarded.  Crystals  of  approximately  0.2  X  0.2  mm  square  section  were  chosen,  to  some  Instances  the 
crystals  were  elongated  in  the  [110]  direction;  this  was  very  eenvenient  for  adjustment  of  the  crystal  in  that  direction 
and  diminished  the  errors  due  to  absorption.  After  adjustment  the  crystals  were  coated  with  collodion. 

Preliminary  structure  data  were  obtained  by  calculation  of  projections  of  the  interatomic  functlora  in  the  [110] 
and  [001]  directions  [because  of  numerous  superpositions  of  maxima,  the  projection  on  the  (lOOX plane  did  not  give 
any  useful  results].  Combined  analysis  of  these  projections  gave  the  possible  vertical  (along  the  Z  axis)  and  hori¬ 
zontal  (lying  in  the  XY  plane  componenu  of  the  Cu-Cu.  Cu-Cl|•Cu-C1^,  and  Cu-NHj  vectors  (Fig.  IX 

Analysis  of  the  occurrence  of  general  and  special  positions  in  both  possible  space  groups  reveals  several  struc¬ 
tural  variants  different  in  principle.  However,  detailed  comparbon  of  the  coordinates  of  the  maxima  ar>d  of  the  ’  '  ' 
positions  which  may  be  occupied  by  Cu  and  Cl  atoms  makes  it  possible  to  reject  all  the  varianu  with  the  exceptioo 
of  one  which  belongs  to  the  Fl24m  group.  Thus,  analysb  of  Patterson  pcojcctloru  gave  the  space  group  and  the  co¬ 
ordinates  of  most  of  the  atoms.  It  was  found  that  Cu  atoms  occupy  the  twofold  position  2  (a)b  000,  V|  Vg  0;  six  Ct  - 

*  The  piezo  effect  was  measuted  by  V.  A.  Koptsik  (Faculty  of  fliytlcs,  Moscow  State  Univctsityl 
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Fig.  1.  Dbuibutioa  of  the  maxima  la  Pattenoa  projections  (the  Cu-Ca.  ’ 
Cu'Cl.  Cu~0.  aod  Cu-NHj  vcctorsh  1)  Highest  maxima;  2)  maxima 
of  medium  height;  3)  low  maxima;  4)  dircctloa  of  *di/fus(oQ*  of  the  max¬ 
imum  and  the  possible  vector  dbplacemcnt  associated  with  it. 
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Fig.  2.  Atomic  packing  la  the  tuucture:  a)  Layer  parallel  to  (001).  with  s« 
sO;  b)  layer  parallel  to  (001),  with  z  =  Vs;  c)  layer  parallel  io(110),vitbz:Q. 

atom  occupy  two  positions:  Clg  a  twofold  positioa  2(c>.  0  V|  z',  Vf  0  z  with  z  close  either  to  zero  or  to  Vg:  CIq 
occupies  the  fourfold  posiiioo  4(c)b  z.  Vg«  z,  z  with  z  ^  V4.  and  z  close  to  Vg  or  to  zero;  of  the  ten  NHg  groups, 
eight  occupy  the  general  position  8(0  zyz  with  z  :y  s  0.13  and  zsO.  The  remaining  two  NHg  ^oupi  and  the  two 
Nl{^  ions  must  occupy  twofold  positions  2(b):  Vg  00,  Vg  Vg  Vg  and  2(c);  0  Vg  x}ix  oH  As  these  groups  are  India- 
llogviishable  by  the  x*ray  method,  we  use  the  symbol  Nu  to  denote  the  group  lo  positioa  2(b),  aod  Nm  for  the  group 
la  position  2(c).  la  analysis  of  the  positions  of  the  oxygen  atorru  we  look  into  account  the  obvious  fact  that  they  are 
la  tetrahedral  coordination  around  the  chlorine  atoms.  This  gave  two  positions  4(c)  for  the  eight  oxygen  atoma  0| 
and  0|j  sunounding  the  Cl  atoms,  and  three  positions:  8(f),  4(e),  and  4(c)  for  the  16  oxygen  atoms  Oj]|.  0|y,  aod 
Oy  surrounding  the  CIq  atoms.  The  coordinates  of  the  0|  and  Oq  atoms  are  found  from  Patterson  Projections. 

TliTce  problems  remained  to  be  solved  for  a  complete  determination  of  the  atomic  arrangement. 


esc 


1.  Scicctioo  of  one  of  the  two  posilble  vjtlanti  for  dUtributloo  of  C1|  an-J  C1^  atoms  along  the  height  z  of 
the  cell  (Cl|  with  z «0  an<J  Clji  with  z ••Vi  .  or  vice  versa). 

2.  Dciermlnatlofl  of  the  coordinate  z  of  the  Nm  atom  Us  posUioo  2(cX 

3.  Detctmlnatioo  of  the  oricntatloa  of  the  (C1^04]*  perchlorate  groiip;  Le.,  determination  of  the  coordinate* 
of  the  atoms  0||{.  at>d  Oy. 


These  structural  dcraOs  were  elucidated  by  geometrl* 
cal  analysis  in  coojjr/ctico  with  the  method  of  uUl  and 
error,  to  acalysis  of  the  possible  spatial  distribution  of  the 
structural  elements,  the  CIO4  tetrahedrons  were  assumed  to 
be  regular,  and  the  Cl-O  disunces  were  taken  as  l.SO  A; 
the  values  adopted  fer  the  tr.termolecular  radii  were  1.40  A 
for  0.  and  1.70  A  for  NKj  ycjps  and  Nli^  Ions.  Values  of 
Fcaic.  ^mess.  ^c^rpared  for  reflections  of  the  hkO 
and  00/  type.  As  the  result  of  somewhat  laborious  work  on 
rejection  of  geomeutcallj  i.*r.prcbable  positions,  and  varla« 
tioru  of  the  pcsitioncl  para.meters  for  Improving  the  agree¬ 
ment  between  aod  we  obtained  the  configu¬ 

ration  shown  in  Fig.  2ajb.  ar.d  c.  which  is  a  schematic  dia¬ 
gram  of  the  atomic  packing  in  individual  layers  of  the  unit 
cell. 

TThe  final  electroa-der.sity  projections  arc  given  In 
Figs.  3  and  4.  The  tr.axbna  cn  the  projections  were  found 
by  Interpolation  fromparabclic  curves  (electron-density 
sections  passing  through  the  rriaximum)  and  determ Inatlorn 
of  the  poic*j  wlicre  the  fust  derivative's  arc  zero.  The  (001) 
centrcsymmctric  projectica  clearly  reveals  the  maxima  cor¬ 
responding  to  all  five  Lndepeefeat  oxygen  atoms  and  the 

KHj  groups  surrounding  the  copper  atoms  In  a  sqtiate  arrangement.  The  characteristic  feature  of  the  noncentrosymme- 
aic  projection  (110)  is  that  for  many  atoms  (linked  by  the  plane  of  symmetry  parallel  to  the  projection  plane)  there 
are  maxima  of  double  height,  so  that  the  precision  In  determination  of  their  cocrdinaics  is  increased  considerably: 
moreover,  the  two  independent  chlorate  groups  both  appear  twice  Ln  different  regians  of  the  projection.  The  theoreti¬ 
cal  (001)  and  (110)  projections  were  calculated,  with  the  Booth  ccrrcction.  for  determination  of  the  displacements  of 
the  maxima  due  to  termination  of  the  series  and  superposition  of  maxLma  of  atamt  in  close  proximity  in  the  projec- 
ticru.  The  final  values  were  the  x  and  ^  coordinates  averaged  over  two  projectiens  and  the  z  coordinates  from  the 
(110)  projection  averaged  for  independent  maxima,  in  the  averaging  differecces  between  the  errors  of  the  coordinates 
found  from  the  centrosymmetric  and  twnccnirosymmctilc  coordinates  (5J  and  from  maxima  of  single  or  double  helg))t 
were  taken  Into  account.  The  final  atomic  coordinates  are  given  in  Table  1« 


Fig.  3.  Electron-density  projection  on  the  (001) 
plane.  The  curvet  arc  drawn  at  intervals  starting 
at  the  2  cl/A*  level. 


TABLE  1.  Atomic  CcorJinatcs  In  the  Cryrtal  Structure  of  KH^tCofNHj^JfCIQj)!*  Nidg 


Atoms 

fia 

a 

B 

t 

l^toms 

Pou- 

lioo 

M 

9 

a 

•  m 

2(«) 

0 

0 

0 

Ojv 

4(0 

0,3«O 

0.191 

o.r.D6 

2(0 

0 

Vs 

0,007 

Ov 

4(0 

0.307 

o.iso 

0,3C8 

a, I 

4(0 

Va 

V- 

0,530 

.Ml, 

»(0 

0,138 

0,138  • 

-0.002 

4(0 

0.iA2 

0,418 

0,187 

Nil 

2(4) 

0 

0 

4(0 

0.f«{i5 

0.585 

-0.053 

N|il 

2(0 

0 

V*  . 

•  0,567 

'Sit 

8(0 

0.103 

0,2.10 

0,532 

Neither  the  experimental  nor  the  theoretical  (110)  projectioo  shows  clearly  the  maxima  corrcipooding  to 
Nm  atoms,  to  both  projectioru  tltey  are  hidden  to  an  equal  extent  in  the  slopes  of  high  maxima  corresponding  to 
two  C1||  aioini  and  twoOjy  atorm.  However,  the  small  difference  between  the  clectroo  dcruitlcs  to  the  experimental 


'  esf 


and  theoretical  proiectloni  In  reglora  where  Nj^j  atom*  may  be  prrtcnt  conflrini  that  It  b  correct  to  locate  them  half 
way  between  the  perchlorate  group*.  Le.,  with  =  0.5C6|.  The  Nj|  maximum  on  the  (110)  projection  b  aljo  In  the 
cegloD  of  the  stronger  Cly  maximum.  Here,  however,  tl.e  coordinate  r  »*/|  b  dctcnnlncd  by  the  crystal  symmetry, 

^  Nevcrthcleis  two  other  variants  were  tested  Involving  displacement 

/  ^  of  the  Ny  atom  along  the  z  axis  to  a  position  with  z  a 0.17,  Le.,  Into 

i  V  ~  region  of  a  diffuse  "spur*  of  one  of  the  maxima  which  cannot  be 

-♦"'y  :  •*,  *'***'*» accounted  for  by  the  other  atoms.  If  the  twofold  position  of  the  Ny 

/  S  ^  /,•"'%  *  atom  was  to  be  retained,  it  was  necessary  to  assume  either  a  lowering 

•*  V.  ****  •**  of  symmetry  In  the  structure  to  P2|2|2,  or  a  statbtical  dbtrlbutloo  of 

\  **•*,  (  vC  ***  ^11  points  of  the  fourfold  position  4(d)b 

t  OOz,  OOz,  V|  Vj  z.  Vj  Vi  z,  with  z3t  0.17.  However,  both  varianta  la* 

/  I  \  !  creased  the  divergence  factor  and  woiscncd  the  general  contours  of 

the  (110)  projection.  Moreover,  a  similar 'spur*  was  found  on  the 
J\  I  j{{C*i  theoretical  electron-density  projection.  Its  exbtcnce  b  therefore  a 

\ V  i  V  consequence  of  scries  termination. 

G/  )  )  experimental  and  calculated  structure  amplitudes  arc  corn¬ 
et  y  J  pared  in  Table  2.  Reduction  to  the  absolute  scale  and  determination 

|:7>v  /  average  temperature  correction  for  all  the  atoms  were  effected 

-J  J  I  bv  comprbon  of  ^mcas  fof  bkO  reflections  B  =2.8 

^ y/  J  A*,  and  for  reflections  of  the  hhf  type  B  =  2.3  A*.  The  divergence 

•  **•,  {  factor,  calculated  for  all  the  reflections  up  to  (sin  =0.63 

•  v  t  •  •  max. 

/  •  0.22C  for  reflections  of  the  hkO  type  (0.197  without 

■"“j  /'  /  zero  reflections).  For  reflections  of  the  hhf  type  It  was  0.194,  The 

.«•*  •  ,*  (  probable  errors  in  determination  of  the  atomic  coordinates,  calcula* 

•  I  ted  from  Vainshtein's  formula  (7-8]  for  a  two-dimensional  electron 

y  /  •  "/  density  distribution,  were: 

,  !  iff  1 _ A(r„  .  t .  0.014.  A(r^)  -  A(.-;^)  ..0.019  A. 

^  Description  of  the  Structure 

Fig.  4.  Electron-density  projection  on  the  The  most  important  interatomic  dutances  In  A  and  bond  angles 

(110)  plane.  The  curves  axe  drawn  at  in-  have  the  following  values; 
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Fig.  4.  Electron-density  projection  on  the 
(110)  plane.  The  curves  are  drawn  at  in- 
texvals  of  4  el/ A*. 


Dutances  and  angles  In  CIO4  groups 


a,  -;ti, 

1.32  ±0,02 

ZOi 

-a,  - 

0. 

lOS* 

«3,  -2n„ 

.»  1 .53  ±  0.02 

zo, 

-Cl,- 

Osi 

•  t 

no* 

0,-0, 

trt  2,46  ±  O.tO 

Z*^lt 

-  Cl,  - 

Osi 

'«S 

iiir 

«),i— 0,1 

2.54  ±  0.03 

On—  U| 

...  2,52  ±0,02 

nt,-20ni 

..  1,51  ±0.02 

-a,,-. 

^iit 

t  • 

107* 

«3it— t»|v 

*■  1 .52  ±  O.tr.* 

.*»IV 

-a„- 

Oy 

109* 

*^11“ '•*v 

•t  1.48  ±0.02 

Z<»iv 

•SM 

III* 

■  t  2,42  ±  o.ti; 

•  -r1,,  - 

®III 

III* 

0,V--Ov 

0|,t—  0|^ 


2,46  ±  0.02 
2,49  ±  0,02 
'=  2.4C  ±  0.02 


Mfa-<Mla 

.MIa»NHa 

XII* -o„ 


Eovbonmcnt  of  the  NHj  group 

•  2,92  -{•  O.Ot  (in  complex) 

3.36  ±  0,01  .^Cu  —  .\,  — 1»„ 

-•  2.97  ±  0.02  ^Cis  -  -  Ojy 

-  3.01  i  0,02  X|  —  0,y 


.•  124* 
«  127* 
-  C4* 


TADLE  2.  Compibon  of  F„,cai.  *nd  for  Rcncciloiu  of  the  hkO  anJ  hkl  Typc$ 


1 

•'..ic] 

MO 

^incai. 

%alc 

j  i.to 

^'mcai. 

^'calcj 

^mcai. 

**calc 

17 

+7 

520 

7 

-18 

610 

40 

+26  !  770 

7 

+6 

C9 

+73 

620 

66 

+61 

710 

10 

870 

0 

(1 

rtwi 

9 

+6 

720 

10 

+  14 

810  • 

49 

+46 

970 

0 

+8 

R(«i 

73 

+38 

820 

18 

+  18 

910 

8 

+8 

10.70 

0 

+1 

I0.i>0 

i; 

+2»» 

920 

IG 

-11 

10.10 

17 

+  13 

11.70 

4 

+3 

I2.(XI 

23 

+27 

:  10.20 

33 

•:-3i 

11.10 

o 

—1  1 

8.80 

49 

+47 

rii» 

20 

-14 

11.20 

0 

12.40 

28 

26 

9841 

5 

+  4 

niti 

21 

—10 

12.20 

13 

+7 

r>so 

21 

-29 

10.80 

9 

-9 

4I(* 

v; 

-1  W 

13.20 

0 

0 

f>ro 

O 

0 

990 

9 

-Mt 

:«iii 

21 

+29 

330 

29 

+11 

7:iO 

0 

+6 

tiiti 

17 

—33 

430 

15 

-IS 

830 

9 

-4 

7H» 

31 

H31 

330 

10 

17J 

9:»o 

10 

+6 

sio 

0 

0 

630 

M 

-.-8 

10.50 

0 

+1 

910 

12 

+15 

i  730 

10 

“C 

11.50 

0 

+5 

to.  10 

7 

+C 

8.30 

10 

+10 

12.50 

0 

—2 

11.10 

$ 

-11 

930 

0 

+1 

CCO 

71 

+69 

12.10 

0 

-1 

•10.30 

10 

—7 

7C0 

0 

+1 

tQ.lO 

n 

-i’-4 

M1.30 

10 

+16 

860 

16 

•r9 

220 

172 

J  ISl 

M2.3»3 

0 

•*•2 

900 

0 

—5 

X'O 

11 

+  11 

;  4'iO 

S5 

:.K9 

lO.CO 

26 

+28 

420 

r,2 

••  51 

510 

0 

•:-7 

ll.ro 

0 

+3 

KM 

^mcai. 

If 

j'^calc 

Phase 

F 

meat. 

Phase 

i” 

^mcat. 

^alc. 

Phase 

C02 

169 

1S9 

0*  !  228 

7 

Tt 

13’  1  .556 

28 

22 

a3,«* 

003 

27 

30. 

0* 

.330 

34 

14 

0* 

.357 

16 

21 

.^31 .2* 

004 

66 

90 

0* 

331 

54 

49 

2.3.1* 

1 

20 

24 

19.6- 

<K»:. 

9 

9 

0* 

.332 

:.9 

61 

21.6**  COl 

84 

75 

0 

49 

51 

0* 

3.13 

IS 

20 

19’  J  661 

21 

7 

16..S* 

ai7 

U 

0* 

334 

53 

53 

6*  ]  Oi2 

51 

54 

0.7* 

OOS 

0 

i 

0*  *  333 

38 

33 

3.v>,i*!  rA3 

11 

i 

0* 

tXO 

5 

8 

0*  5  336 

40 

.36 

24.4*1  664 

22 

33 

338* 

111 

41 

21 

.3!  5*  ;  337 

24 

23 

0* 

C65 

.  7 

6 

70.2" 

112 

72 

61 

26.5*1  :k33 

24 

.30 

17.3*  i  0+3 

11 

19 

337,7* 

113 

31 

.39 

3'.6.6'“’;  I'l** 

102 

91 

0*  ]  770 

11 

6 

0 

114 

47 

•Vi 

2.3.8* 

411 

61 

51 

.318. 7* 

771 

17 

14 

311.8* 

115 

27 

4.5 

3t»3.4*4  112 

70 

70 

330* 

772 

22 

21 

24.4* 

116 

41 

.33 

46.5* i  413 

38 

36 

310,3* 

773 

24 

19 

339* 

117 

.38 

41 

318,5* ^  411 

18 

47 

6.1* 

774 

22 

24 

24. 4‘ 

118 

37 

37 

26.2*  i  41.3 

14 

20 

16,7’ 

773^ 

14 

21 

.317,7' 

119 

14 

19 

325.6* 

416 

26 

29 

.324.5* 

8.50 

51 

51 

0 

220 

1C9 

183 

0  \  417 

0 

10 

fi* 

SSI 

16 

5 

288.2 

221 

21 

23 

272.«*.1  418 

0 

10 

329.0’ 

KS2 

.31 

33 

.358,3' 

222 

92 

91 

351. 1* 

530 

31 

32 

150,0*3  SK3 

14 

10 

335.6* 

223 

32 

28 

31.3' 

551 

::i 

26 

.356,6* 

01)0 

7 

8 

0- 

224 

28 

47 

10.1* i 

.5.32 

:i3 

20 

».!• 

091 

5 

8 

262.6- 

225 

19 

5 

i»y* 

553 

31 

20 

334.4' 

226 

31 

29 

310.5* 

.551 

31 

25 

29.11 

227 

8 

7 

296,4*1 

555 

21 

2*i 

326..3*| 

Environment  of  the  (Nl{g)||  group 
X„  .  .  VO,„  .  2,71  f  O.iri 
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Environment 

of  «f»c(NHj„)yj  group 

III 

-*>l 

»»  3,|ti 

-•'ill 

~o, 

III " 

-•*•11 

-»  3.H 

COn 

""  -Sii 

-0, 

«  3.11 

/lO.ii 

-0, 

111 " 

:Ov 

i--  2,?n! 

->1II 

~0, 

:d  of  tCu(NH,)4J**.  NiC.  CIO4' 

ions  and  NHj 

31* 
^  SI* 
».  51* 
•  .Kill* 


bave  plane  s<;uare  structure  wit^  Cu^NKj  distances  of  2.07  i  0.02A.  The  CIO4  tetrahedrons  ate  only  slightly  dbtorted; 
neatly  all  the  differences  between  the  C1~0  and  O^O  distances  lie  within  the  possible  error  limits.  The  average  dis¬ 
tances  are  1.52  A  for  CI-O  and  2,<8  A  for  0“0. 

The  idealized  packing  pattern  of  the  structural  elements  may  be  described  as  follows.  The  ICu(NH|)4J**  com- 
pleacs  and  (CiO^li  ions  lie  in  the:  (CQl)  plane  at  hcig^it  i-O  and  alternate  in  chccKciwork  order  (Cu  at  the  points  000 
and  V*  V|  0,  Cl  at  the  points  0  Vi  0  and  *4 00).  The  remaining  Cfiftb")  NHj  groups  and  Nll^  ions  are  arranged  In  the 
same  manner  in  a  -  'ther  layer  at  heigjit  z  =  *4.  Between  them  (in  the  sa^ne  layer)  the  four  (C104)j|  perchlorate  groups 
are  situated  at  the  points  *4  *4.  *4  V4.  V4  *4.  V4  V4.  As  the  Nil,  groups  and  ions  are  indistingubhable  by  the 
X'tay  method,  it  is  not  possible  to  determine  which  Is  in  position  Ny(ai  the  point  OoVj)  and  which  at  N^fat  the 
point  *4  0  *4);  statistical  diifrsi’.tion  between  these  positions  is  not  excluded.  The  actual  coordination  of  (NHglji 
and  groups  is  determuvtd  by  displacements  of  CIO4  ions  from  theix  "ideal*  positions  and  by  differences  in 

the  orientation  of  (CI07)j  ar.d  groups.  The  (NUg)^  group  is  surrounded  by  four  oxygen  atoms  which  form  a 

very  flattened  tetrahedron  aro’s.'<d  it  (two  Cu  atoms  at  a  distance  of  3.75  A  are  more  distant  neighbors).  The  dutances 
Njj-4  0m=2.71  A  indicate  the  c/istence  of  stable  hydrogen  bonds.  The  group  b  sunounded  by  ten  oxygen 

atoms.  Here  the  exutence  of  less  stable  hydrogen  bonds  may  be  postulated:  Nm-O^  =  2.92  A.  However,  the  average 
dbtance  b  consid^.sally  greater  than  (NHgly-OO.OS  A  as  agairut  2.71  A.  The  fNH^)jj|  group  b  in  a 
larger  cavity  and  hat  a  greater  ec-'-cdination  number  that  (NHq)|[.  At  was  pointed  out  by  G.  B.  Bokii,  ihb  fact  suggests 
that  the  ammonia  molecule  vot  the  ammonium  ion  plays  the  role  of  thb  *clathrate*  group. 

The  perchlorate  groups  form  hydrogen  bonds  with  the  (N!lj)j  groups  contained  in  the  (Cu(NHj)4J*^  complex. 

The  and  H£”Ojy  disrauocs  are  3.00  and  2.97  A  tcsp>cctivcly.  Apparently  the  tendency  to  form  hydrogen 

bonds  determines  to  a  cor4idorabIe  extent  the  dbtribuiion  of  pctchlcrate  groups  along  z.  The  considerable  piezo 
effect  observed  in  the  crystals  u  probably  associated  with  the  presence  of  numerous  hydrogen  bonds. 

Tbe  formally  s<;‘jare  en-xironment  of  the  Cu  atoms  b  supplemented  in  the  crystal  to  a  bipyTamldal  one  by 
(NHg)^  groups  situated  on  the  4  axes  half  way  between  the  Cu  atoms.  However,  the  dbtance  Cu*‘(NHg)||  =  3.75  A 
is  so  large  that  ix  b  difficult  to  suppose  the  exbtence  of  a  chemical  bond  (  electron  exchange)  between  (NHg)^^  groups 
aod  Cu  atoms.  The  position  of  O.c  (NHq)££  group>s  at  p>oints  00*4  evidently  determined  by  considerations  of  pack¬ 
ing  only:  a  fably  large  cavity  (so  the  form  of  a  flattened  tetrahedron),  formed  by  the  four  O  atoms  of  the  perchlorate 
groups,  (s  present  here.  Tb.eref'xe*  it  may  be  assumed  that  in  thb  compound  the  coordination  of  the  copper  atom  Is 
of  the  square  type. 


The  question  of  purely  "square*  coordination  around  bivalent  copper  In  organic  compounds  has  been  contro- 
versiil  until  recently  and  has  beeo  solved  positively  only  by  the  very  latest  investigations.  Square  coordination 
around  a  Cu^  atom  was  dbeevered  in  the  recently  icvbcd  structure  of  azufite  [9],  in  certain  copper  silicates  PO),  and 
finally,  in  the  complex  teusrr.irsce  compound  described  in  the  present  communication. 
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A  complete  x-ray  structural  Investigatioo  of  4.4*-dichlotoacenapbtber)e  was  pcrfonned.  Bondlengtht 
and  valence  angles  were  detennined  to  within  i  0.02  A  and  i  1*  by  means  of  a  three-dimensional 
electron  density  series.  Stctic  hindrances  between  chlorine  atoms,  the  distance  between  which  In  the 
ideal  model  is  2.77  A.  lead  to  appreciable  distortion  of  the  angles  (maximum.  S.S*)  aod  slight  dU* 
turbaoce  from  planarity  (up  to  O.OS  A)  of  the  molecule.  Because  of  this  difference  between  the  real 
aod  the  ideal  conformation  the  intramolecular  Cl ...  Cl  distance  Increases  to  3.12  A.  iTie  equilib¬ 
rium  distances  between  the  atoms  not  bonded  by  valences  were  found  from  the  Intermolecular  dis¬ 
tances.  aod  the  lattice  energy  was  calculated. 

1.  INTRODUCTION 

Interest  in  the  structure  of  this  compound  is  due  to  the  considerable  influence  of  stcric  hindrance  between 
chlorine  atoms  on  the  conformation  of  the  molecule.  In  the  ideal  model  (i.e.,  when  the  C-Cl  bond  is  the  blscctoc 
of  the  interoal  and  hcoce  the  external  C-C-C  valence  angle)  the  chlorine  atonu  in  the  molecule  are  2.77  A  apart 
(Fig.  1).  whereas  in  other  structures  studied  [1]  the  equilibrium  distance  for  nonbonded  chlorine  atoms  Is  Cl  ...  Cl  % 
%3.C0  A.  Moreover,  on  the  side  of  the  naphthalene  nucleus  opposite  to  the  chlorine  atoms  (which  ate  mutually  re¬ 
pelled  and  thereby  tend  to  posh  apart  the  C4  and  C4  carbon  atoms  in  the  pcri-p«  sitions)  there  is  a  bridge  of  two  methy¬ 
lene  groups,  CHj-Clfx.  This  bridge  draws  together  the  other  peri-atoms.  Cj  and  cj;  i.e.,  it  in  a  sense  continues  the 
deforming  action  of  steric  hindrances  between  the  chlorine  atoms  on  the  naphthalene  nucleus,  and  thereby  favors  even 
greater  deformation  of  tbe  latter. 

Our  purpose  was  quantitative  determination  of  the  real  conformation  of  the  molecule;  l.e.,  the  deformations 
in  comparuon  with  the  acenaphthene  molecule  itself  p]  which  icsult  from  stcric  hindrances.  The  main  characteris¬ 
tics  of  the  real  coeformation  of  the  4.4*-dichIoroaccnaphthene  molecule  are  given  in  a  brief  communication  [4];  la 
this  paper  we  describe  the  course  of  the  investigation  and  present  the  tesulu  in  detail.  Replacement  of  chlorine  atoms 
lo  the  4.4*-dichloroaccnaphihcne  molecule  by  other  halogen  atoms  and  the  consequent  changes  in  the  conformation 
of  the  acenaphthene  nucleus  should  reveal  definite  conformational  relationship;  we  arc  thetefote  carrying  out  a  com¬ 
plete  suuctural  investigatioo  of  4-chloro-4*-bromo-  aod  4.4*-dibromoacenaphtheoe, 

2.  EXPERIMENTAL 

4.4*-Dichloroacenaphihene  consists  of  fine  colorless  needles  (with  the  needle  axis  cotresponding  to  tbe  c  axis), 
easily  obtained  from  a  mixture  of  acetic  acid  and  ethyl  alcohol;  m.p.  169-170*;  the  substance  is  quite  stable  la  air. 
Tbe  crysuli  belong  to  the  monoclLnic  system.  Tbe  unit  cell  consuots  are; 

««  15.37;  iO.OIjX  rr.95«  +  9A» 

k««0.4S.i:0.00,\  .  g/cc 

«  u  7.174  ^0.01 1\  ^meas.*^*^* 

118*24*  ±40*  AT --4 

*  For  communication  S  of  this  scries,  see  P). 

*  *  We  adoped  a  numbering  convention  for  the  atonu  which  diffen  from  the  usual  chemical  coovcotloo  p).  but  la 
more  coovebieot  lo  the  structural  sense.  The  two  systems  are  compared  in  Fig.  1.  la  the  structural  system  S,6-di- 
chloroacensphiheoe  U  called  4.4*-clchloroaccnsphthefse. 


The  Identity  periods  were  determined  from  oscillation  x-ray  paiicrns,  and  the  inonoellnic  angle  fl  was  found 
from  the  shift  of  spots  of  the  OOt  type  on  reciprocal-lattice  diagrams  of  nonzero  layer  lines  (rotation  axis  c)  relative* 
ly  to  the  center  of  rotation  of  this  film;  copper  radiation  was  used  for  this  purpose. 


Fig,  1.  Ideal  model  of  the  dichloro* 
accnaphthcnc  molecule.  The  'struc¬ 
tural*  system  of  atom  numbering  b 
used  (the  usual  chemical  numbering 
Is  given  in  parentheslsX 


Fbotographs  of  six  layer  lines  (hkO-hVS).  containing  632  nonzero  re¬ 
flections,  were  taken  by  rotation  about  the  c  axis  In  a  reciprocal -lattice 
camera  with  unflltcrcd  molybdenum  radiation. 

The  oscillation  diagram  obtained  about  the  long  direction  of  the  crys¬ 
tal  (the  c  axis)  was  symmetrical;  there  were  two  lines  of  symmetry  In  the 
bkO  trace,  and  one  In  each  of  the  other  hkL  traces  (L  =  1,  2, , ,  ,X  Moreover, 
among  the  reflections  of  the  general  type  hkf,onIy  reflections  with  b«k^2a 
were  present,  and  among  reflections  of  the  hOf  type,  only  those  with  I  >20. 

If  is  evident  from  this  that  the  crystal  belongs  to  the  2/m  C-/c  diffraction 
class  of  the  monoclinic  system,  which  Includes  the  C2/c  and  Cc  space  groups. 
Moreover,  since  the  Identity  period  b  >9.464  A  agrees  fairly  well  with  the 
size  of  the  molecule  along  Its  twofold  axb  of  Jy'tnmeiry  (d^^l 

<*Cx_C4  ♦  <k:4_CI  ♦  Rci  **  *-80  ♦  1.47  ♦  2.8O  ♦  1.71  ♦  I.8O  =  9.59  A; 

see  fig.  z),  wc  chose  the  C2/c  space  group  as  the  most  probable.  The  entire 
subsequent  course  of  the  structure  analysis  confirmed  this  choice  (Incidental¬ 
ly,  r^icasuremcnt  of  the  piezo  effect  gave  a  negative  result).  Data  on  the 
-pace  group  and  the  number  of  molecules  in  the  cell  lead  to  the  conclusion 
that  the  molecule  occupies  a  special  position  on  the  twofold  In  the  molecule. 


The  spot  intensities  on  the  diagrams  were  assessed  visually  by  comparison  with  a  sundard  scale;  the  precision 
was  not  worse  than  10*^.  The  polarization  and  Lcrentz  factors  were  taken  Into  account  In  calculations  of  the  structure 
factors  from  the  intensities.  The  absorption  factor  was  disregarded,  as  it  Introduces  an  error  (— 12  r»)  comparable  wlih 
the  error  in  the  intensity  estimations. 

3,  APPROXIMATE  STRUCTURE  DETERMINATION 


As  the  molecule  Is  In  a  special  position,  its  p>asItlon  In  the  unit  cell  could  roughly.be  determined  by  geome¬ 
trical  analysis  based  on  the  principle  of  closest  molecular  packing. 

In  this  case  It  was  necessary  to  determine  the  parameters  corresponding  to  the  two  remaining  degrees  of  free¬ 
dom  of  the  molecule,  i.e..:  1)  the  angle  of  rotation  about  the  y  axis,  and  2)  the  p>osition  of  the  molecule  among 
the  y  axis;  for  example,  the  coordinate  of  the  center  of  the  naphthalene  nucleus.  For  geometrical  analysis  we  used 
the  ideal  plane  molecular  model  shown  In  Fig.  2  (  it  was  assumed  that  all  the  valence  angles,  in  the  naphthalene  nu¬ 
cleus  and  also  the  C— C-CI  and  C-C—H  angles  are  120";  the  length  of  the  C-C  bond  Is  1-.40  A  in  the  naphthalene 
nucleus.  1.54  A  In  the  CH,-CiIj  bridge,  and  1.52  A  in  CI%-C;  C-H  =  1.08  A,C-Cl  =  1.72  A;  the  Intcrmolecular 
tadii  are  R|j  >  1.20;  R^  s  1.80;  Rci  s  1.80  A)L 


Fig.  2.  Molcculsx  model  used  for  georoe-  Fig.  3.  Projection  of  the  molecule  along  the 

trlcal  analysis  of  the  structure,  twofold  axis,  ' 


663 


Fof  lulving  ihc  flnt  part  of  the  pfobtem,  we  conlfScrcd  the  packing  fHnjlbilir;.*-*  of  molecutar  pcojectloo  aloog 
the  2  a*ci  (Fig.  3)  oo  the  xOt  projection  of  the  ce!l.  Only  two  molecular  arrahgemeitra  were  foucrj  pctilble  (an  am¬ 
biguous  solutlooJb  the  Ok  axis  of  the  molecule  forms  either  the  angle  u;|>  12*  or  «  <b*  with  the  Cx  axis  of  the  cellj 
in  each  caie  the  Ox  axb  of  the  molecule  forms  the  same  angle.  16.5*.  with  the  tiorm  tJ  to  the  Cx  axis  of  the  cell  (Fl^ 
4).  Therefore,  the  x  coorJlnatcs  of  the  atoms  In  the  molecule  should  coincide  and  jr  coordiiistes  should  differ  la 
these  two  variants  (Table  IX 

To  solve  the  second  part  of  the  problem,  that  of  orientation  of  the  molecule  f'.ocatloo  of  the  coordinate  y^for 
the  center  of  the  nucleus),  we  examined  contacts  between  molecules  which  are  jolse.'^  by  the  love.*sio3  centers 
l(*/4  V4  V4)  and  1(V4  V4  V4)  and  which  arc  situated  on  celghborlng  twofold  axis  (fl^  T).  This  part  of  the  problem  Is 
solved  uniquely  If  a  molecule  A  situated  on  a  *giveo*  twofold  axis  (Oy  V4]  b  in  sirr.ui'uneous  coccact  with  two  mole¬ 
cules  ("upper*  B  and  Hover*  C)  00  a  “neighboring*  twofold  axb  I*/jy  V4)  which  are  licked  by  c  txarslatloo.  Oo  the 
basis  of  the  Intermolecular  dbtanccs  HjfA). .  .CKC)  and  1^(A)  .  .  .C^fBlfassume.f  ^o  be  3.00  A),  which  more  than 
any  others  diminbh  the  range  of  pouible  dbplacemeot  of  molecule  A  along  the  2,  we  calculated  the  positloo  y^ 
of  the  center  of  the  nucleus  for  variant  I  by  the  following  calculation: 

Contact  CI(C)  .  .  .  l(s(A)  Conuct  Cs(B)  ,  ^  *  Ht(i4) 

*'!,  W:  (Ay)*  =  rf*  -  AL  “  ^la  “  3.C1;  (Ay)*  —  - 

«  9.00  —  7,43;  Ay  =»  i  1.25;  *=  9.00  —  3.«;  A/  -»  ±  2.31;  ’ 

hence  ^•'3  5,12  or  3.87  A  hcocc  y4=»5,02  ar  7,33  A 

Evidently  the  first  solutions  for  yi  from  the  two  corstacts  arc  la  good  agrccjr.e:ut-  Hcnce,y4*»5.0j  i  0.0|  A. 

The  same  solution  b  obtained  for  variant  IL  Approximate  coordLnates  of  the  atoms  in  the  molecule  were  thus  foutsd 
with  values  of  z  in  two  variants  (Table  IX 

TABLE  1.  Atomic  Coordinates  Found  by  Geometrical  Acalysla 


M 

• 

'1 

j 

Atom 

S 

"  1 

1 

1 

1 

Ct  0,09  I  0,23  0.37 

Ci  0  ''..A6  1/4  1/4 

o;32  I  Q.r-O  1  C*  0  CM  1/4  1/4 

0.32  I  0.50  J  C,  0.06  CM  0,27  O.il 

Ceomcuical  analysb  was  accompanied  by  structure  determination  by  objecrjve  methods  cf  x-ray  dlffractloo 
aruIysU.  Sirxre  the  c  axb  b  the  short  axb,  structure  determLnatioo  was  started  with  "the  xyO  projectloo.  Thb  projec¬ 
tion  of  the  P(u.v)  interatomic  function  gave  the  coordinates  x  and  x  of  the  chlorine:  a^tom:  z  =  0.1C3;  zs 0.223.  They 
approximate  to  the  coordinates  found  by  geometrical  analysb,  thus  confuralng  the  faittex. 


Fl^  4.  Packing  of  molecular  projections  00  the  ac  face  ed  the  cetL 
Two  pos*ible  packing  variants  arc  shows. 


The  coo<Olfulci  of  the  cMoflnc  atom  founJ  from  the  projection  of  the  P(u,v)  Interatomic  function  and  the  co¬ 
ordinate!  of  the  Independent  carbon  atomi  detemilncd  by  j;cometrIcat  analyili  were  ujcd  for  calculation  of  the  ttrvic- 
lure  amplitude!  fl**  *hb  fint  calculation  the  atomic  curve!  were  a»umcd  ilmilar),  with  !ut-!cquent  calculation 
of  the  clccixoo  density  dbtributlon  la  the  xyO  projection.  Thb  first  approximation  of  p(xyO)  resolved  the  Cl,  Cj,  Cf, 
C^,  and  C«  atoms.  The  maxima  of  the  C|  and  C|  atoms  coalesced  with  Uie  maxima  of  the  corresponding  atoms  In  the 
oelghborlng  molecule.  Figure  6  shows  that  In  thb  projection  molecules  llnVcd  by  a  center  of  symmetry  are  superposed 
to  a  considerable  extent;  thb  led  to  the  above-mentioned  coalescences.  For  the  second  calculation  of  Fi]](0  the  coor- 
dirutea  of  the  Cj.  Cj,  and  C|  atoms  were  determined  geometrically  (from  the  Cj-Cj,  Cj-Cj  at>d  Cj“C|  bond  lengths 
in  the  structure  of  acenaphthene  luelf  pj). 

In  the  subsequent  three  calculations  of  F^j^q  the  Individual  atomic  curves  for  Cl  and  C  given  by  Vlcrvoll  and 
dgrim  [5]  were  used;  for  C|  (carbon  atom  of  the  Cll;  group)  the  N  curve  was  used,  as  In  the  fint  approximation  the 
CK|  group  can  be  regarded  as  a  single  scattering  center.  The  tame  atomic  curvet  were  subscqu^'otly  used  for  calcult' 
tlon  of  structure  amplitudes  of  the  general  form  F^jj  ;  however.  In  thb  case  the  C  atomic  curve  was  used  for  Cy,  and 
the  curve  In  [S]  was  used  for  hydrogens.  The  coordinates  of  the  maxima  in  the  projection  were  subsequently  found  by 
interpolation  by  the  method  of  least  squares,  with  approximation  of  the  form  of  the  maximum  by  an  exponential  func¬ 
tion  £6J.  The  same  method  for  exact  location  of  the  maxima  was  used  In  the  three -dimensional  case. 

Two  more  approximations  of  the  electron-density  projection  were  then  calculated.  In  the  last  of  these  (Fig. 

6)  all  the  carbon  atoms  In  the  molecule  ate  resolved  and  there  arc  *ptojcctloru*  roughly  corresponding  to  the  calcu¬ 
lated  positloru  of  the  hydrogen  atoms.  *  *  . 


TABLE  2.  Final  Results  for  the  xyO  rrojcctlon 


Atom 

m 

9 

Height  of 
maximum 
in  c1/AS 

Atom 

s 

9 

Height  of 
maximum 
in  el/ A* 

Cl 

O.I09s 

0.220, 

27.1 

Cs 

0,090 

8.8 

Cl 

0.07.1 

O.C'jS 

«.4 

c. 

0 

0,47.1 

8..1 

C« 

0.H5 

0,r.27 

8.3 

0 

o.r.iB 

9.1 

c. 

O.IGS 

0.4S0 

12,9* 

1  C| 

0,1*63 

0,819 

8.r. 

*  lligb  value  due  to  partial  supetpesitien  of  maxima  (Fig.  6).  . 

The  final  atomic  coordinates  founJ  from  the  projection  are  given  in  Table  2.  Final  calculations  of  the  struc¬ 
ture  amplitudes  Fij’,(0  then  performed  with  the  hydrogen  atoms  taken  Into  account;  theb  coordinates  were  taken 
(C-H  *1.03  A;  C-C-H  =  120*).  ITic  reliability  factor  was  19.4T''(wiih  ihc  hydrogen  atoms  dbregarded,  22.3‘», 
whereas  In  the  first  calculation  of  Fjjj^o  it  was  39.6^».  If  we  also  reject  several  strong  tenecilons  vhlch  are  apparently 
Influenced  by  extinction,  we  have  IB.G*?*,  and  with  zero  reHcctlons  Ignored  = 


4.  STRUCTURE  REFINEMENT 


Three-dimensional  elecuon-density  synthesb  was  used  for  further  tcfincincnt  of  the  coordinates  and.  In  par- 
Uculax.  for  determination  of  the  thbd  coocdlAate  ^ 


TABLE  3.  Approximate  Value* 
of  % 


Atom 

X 

Atom 

s 

Cl 

0.30 

c* 

0.30 

Ct 

0.29 

c* 

1/4 

Ct 

0.33 

C* 

1/4 

C| 

0.33 

C, 

0.28 

For  determination  of  the  slgrts  of  the  structure  amplitudes  of  the  gerserat  typi 
b  was  tscceisary  to  have  approxbnate  values  of  z;  i.e..  to  toow  the  slope  of  the 
molecule  relative  to  the  xyO  plane.  Ccomctrlcal  analysb  gave  two  possible  slope 
angles;  12  and  46*  (Fig.  4).  Assuming  that  the  length  of  the  Cy-CJ  bond  b  1.54 
A  (as  in  acenapbtheoe  Itself  (3]).  we  can  also  find  the  slope  angle  u  from  sr^t 


arc  cos 


±**.5*. 


We  iberefote  took  w«12*.  varied  thb  value  by  steps  of  O.S*.  arsd  compared  the 
calculated  values  of  F},||  and  with  the  expcrlmeutal  values.  The  best  agree¬ 
ment  vat  found  with  c;>  13*. .  The  values  of  the  coordinate  z  for  thb  orientation 
ere  given  la  Table  3,  . 
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T?>ui,  itx  *.  X  coofJlnatci  founJ  by  two* Jimcnslonal  elecirv'O-d^mliy  lynthejls  arxJ  the  z  coor^Jlnatei  fouQ<)  by 
tfbl  aoJ  error  were  used  for  the  first  catculatloo  of  structure  atnfliiudci  with  Individual  atomic  curvet  tal(eQ  la* 
to  accooflC 

fefere  calculatloo  of  the  three-dimensional  dbtribuiloo  of  electron  density,  p(xyz).  It  was  occessary  to  reduce 
to  a  common  scale  the  structure  amplirudet  of  the  renectlons  in  different  traces.  For  this  purpose  ve  comp'*red  the 
calculated  arxl  measured  structure  amplitudes: 

(- B  .it.*  » /X*). 

Values  of  the  factor  K  for  conversion  into  absolute  units  and  of  the  temperature  factor  B  for  all  the  traces  vere  found 
by  the  method  of  least  squares.  At  this  stage  the  divergence  factoo  were  fairly  large;  for  example.  *21^ 

Sto'W*- 

TABLE  4.  Firal  Values  of  the  Atomic  Coordinates  aisd  Electron  Detulty  Maxima  [for 
Hydrogen  Atoms.  Coordinates  Found  from  the  Second  p  (xyz)  Series  are  Given  In  Paren* 
ihcset.and  Calculated  Ideal  Coordinates  are  without  Parentheses) 


Atom 

M 

V 

a 

found  j 

calculated 

<3 

O.liOt 

1 

0.2JOi 

29.2 

O.rv^i 

0.2:3 

9.0 

A.4 

<!. 

n.n'vl 

o.r..i2 

o.2or. 

7..S 

A.O 

n.ifA 

».  W 

O.-TO! 

7.4 

n,% 

O.iiBO 

o.j;** 

A.X 

A.B 

•*s  0 

1.4 

9.1 

9.2 

0 

i;4 

9.R 

9.0 

•t 

n.iiTij 

o.Kyt 

•».2-‘'9 

r.« 

7.3 

Its 

•'.22# 

«.7?# 

".32t 

l.l 

1.2 

(O.I.'TVH  .  ("..Ui') 

Its 

".t». 

1.2 

1.2 

in.Vf) 

1  f.-l.-J) 

li! 

".It: 

«.Kn, 

"..■Ts 

1.2 

1.2 

* 

(O.tui) 

1  — 

i  — 

1.2 

(ii.av) 

(O.KL-.) 

(‘'.121) 

TABLE  5.  Bond  Lengths  and  Valence  Angles 


Bond  lengths  1  4 

Valence 

angles 

.  i 

1 

Bocdlengths 

Valence 

ingles 

• 

s:...r*'  !  1.33 

Cj'CA 

i“i.9  ; 

f.I2 

r/v\ 

122.2 

•*.— 4!|  j  I.«* 

t:;r:,r# 

119.7 

1.73 

114.6 

r!#— <!.  i  I.3A 

c.r,*:' 

1(0.8  1 

i.;o 

r#r.r:i 

124.1 

5  1.42 

ftH.4  1 

1.23 

<VV3 

fl3.6 

rV-*U  ;  **-^ 

119.0  1 

C#  — II# 

i.ni 

.*.30.9 

121.4  U 

1.00 

We  did  not  calculate  the  entire  p(xyz)  distribution  over  an  Indepe'ndeot  region  of  the  celt;  U  was  sufficIeoC 
for  solution  of  the  structural  problem  to  perform  the  calculation  for  a  number  of  sections  parallel  Co  the  c  axis  and  . 
close  to  the  cecten  of  the  maxima.  The  coordiruies  obtained  from  the  three-dimensional  lynihesia  vere  used  in  a' 
second  calculation  of  structure  amplitudes;  the  method  of  least  squa*^  was  used  to  refitse  the  factor  K  for  eboventoa  '..  V. 
of  irsdividual  results  to  an  absolute  scale  arsd  the  temperature  factor;  B  >3.0*  0.2  A*  (variation  for  different  layer  ' 

lines).  The  divergence  factors  diminished  considerably: 

The  second  approximation  of  the  electron  density  was  then  calculated;  as  before,  a  range  of  sections  was  ■ 
takea.  The  cell  edge  a  was  divided  Into  120  parts,  b  into  60.  and  c  lnto.48.  The  coordinates  found  from  the  second  ' 
approxlmatico  are  given  la  Table  4.  In  this  approximation  we  attempted  to  delect  maxima  conespoodlog  to  hydro*  ' 
geo  atoms;  accordingly,  we  calculated  a  number  of  sections  which  clearly  revealed  the  maxima  of  the  t^.  |{|.  and 


H|  Jtomi;  I.C.,  only  the  H|  atom  wai  oot  foond.  The  detection  of  three  hydrogen  atorm  out  of  four  *how»  that  the 
precision  In  the  itiuctute  deternsinatlon  wai  fairly  high.  Obviously,  the  positions  of  the  hydrogen  atoms  ate  very  ap¬ 
proximate,  but  the  average  bond  length  C*~  II  *  1.09  i  0.09  A  almost  coincides  viih  the  tabulated  value, 

b  was  decided  to  end  the  set  structure  refinement  at  this  stage,  because  the  second  calculation  of  changed 
only  11  signs  of  weak  reflections  (about  one  half  of  these  were  too  weak  for  estimation),  while  calculations  m  the  di¬ 
vergence  factor  without  zero  reflections  from  the  coordinates  of  the  second  approximation  gave  the  good  value  « 
*H^(wiih  zero  reflections,  14^). 

Hydrogen  atoms  for  which  Ideal  calculated  coordinates  were  taken  were  considered  in  this  calculation  of 


Fig.  6.  Final  (third)  approximation  for  p(xyO).  Lines  of  equal 
Fig.  5.  Contacts  of  molecules  on  neigh-  density  aie  drawn  at  intervals  of  2  cI/A*;  the  first  corresponds  to 

boring  twofold  axis.  0  el/A** 


Fig.  1,  Comparboo  of  bond  lengths  atsd  valence  angles  Its  the  moleculea 
of  acenaphthene  (left)  from  data  In  [3]  and  of  4,4*-dichloroaceoaphtbeM 
(rlg)>tX  .  *  .  , 
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6.  PRECISION  OF  THE  RESULTS 


With  parimctett  chiractctbilc  of  out  ttmctutc.B  «3.0  A*.  AFwR«0.ll,  •nm'O.BS,  the  precliloa  lo  de- 
termlnatloo  of  bond  !en^«hi.  cjlculated  from  B.  K.  ValnjhieIo*i  formula  pj.  U  C-Cl  l  0.01,.  C-C  4  O.W^,  C-H  4 
a  0.15  A.  The  eiron  io  the  cootJlnaici,  Ax  *»  Ay  «Az  *»  4  0.01| A  for  C,  anJ  4  O.OOj  A  for  Cl,  lead  to  ihc  followloj 
errors  lo  valeocc  'ao^le  determination],  calculated  from  the  Darlow  formula  (SJ;  C-C-C  4  1.0*  and  C-C-*C1  4  0.8*. 

TLe  height]  of  the  maxima  for  all  the  atoms  (excepf  H^)  were  found  from  the  formula;  P|j„jj  •pf*y*5exp 

(A|X*«A|y*«A)Z*«Axy«Ajyz4A|Zx  ♦  A|X>A(y>A»z)  with  the  aid  of  the  final  atomic  coordinates.  Here  p(xyz)  la 
the  experimeotal  value  of  the  clcctioo  density  at  a  point  with  coordinates  xyz  relatively  lo  the  maximum;  A|  to  A^ 
are  cotutanU  found  by  the  method  of  least  squares.  The  values  found  for  are  given  lo  Table  4  and  Fig.  8  (with 
asterisks).  For  assessment  of  the  error  lo  clectroo*dcnsiiy  dctermlnatloru  we  assumed  that  the  difference]  between  ihn 
height]  of  the  maxima  are  due  to  rotational  oscUlatloos  of  the  molecule  lo  the  crystal  about  the  center  of  gravity. 

The  height]  of  the  electxoo’densiiy  maxima  of  atoms  of  a  given  kind  should  then  depend  on  the  distance  £  from  the 
center  of  gravity,  lo  accordance  with  the  formula  p(r)  =  p|-li*,  where  p|  la  the  height  of  the  maximum  lo  absence 
of  rotational  oscillations,  and  k  b  a  constant.  The  values  of  P|  and  k  for  the  carbon  atoms  were  found  by  the  method 
of  least  squares.  Table  4  also  gives  values  of  Ppsax  carbon  atoms  calculated  from  thb  formula.  Compart* 

son  of  P|^e2|  vith  p^^j^  shows  that  the  average  error  b  6^  and  the  maximum  error  b  12^.  Thus,  the  preebloo  of 
the  electxoo'density  detenninatioo  b  fairly  high. 

6.  STRUCTURE  AND  CONFORMATION  OF  THE  MOLECULE 

The  bond  lengths  and  valence  angles  found  from  the  final  atomic  coordinates  are  given  In  Table  5  and  Fig.  1, 

With  the  exception  of  C|-C|,  the  C-C  bond  lengths  In  the  acenaphthene  pj  and  4,4*-dlcMoroacenaphthet>e 
almost  coincide;  the  observed  differences  may  be  attributed  to  the  chemical  Influence  of  chlorine  atoms  on  the  nucl 
us.  On  the  other  hand,  owing  to  considerable  steric  hindrance  between  the  chlorine  atoms,  the  valence  angles  la  the 
two  molecules  differ  considerably  (Fig.  1).  By  their  mutual  repjlslon  the  chlorine  atoms  in  effect  subject  the  mole* 
cule  to  the  action  of  a  pair  of  forces  (arroM  In  Fig.  1)  which  should,  for  example,  increase  the  C^-Cj-C*.  Cj-C*- 
-C1  valecce  angles  and  dcaeascs  the  CI-C4-CJ,  Cj-Cj-Cj  angles.  Thb  b  fully  confirmed  by  experiment.  Aswu 
to  be  expected,  the  greatest  Increase  (5.5*)  b  found  In  the  CJC4CI  angle.  However,  since  the  molecule  b  a  single 
system,  the  Influence  of  stetic  hindrance  spreads  further,  l.e..  to  the  aromatic  nucleus,  deforming  the  angles  in  It 
(maximum  deformation  2.6*).  At  the  result  of  these  valence*angle  deformations  the  Cl.  .  .Cl  dbtance  Increases  from 
2.77  A  (when  the  external  C-C-Cl  valence  angles  are  equal)  to  3.12  A  but  still  remains  considerably  leu  than 
*3.8  A  double  the  lotermolecular  radius  of  chlorine  (tee  belowX 

Moreover,  at  the  result  of  steric  hindrance  the  molecule  ceases  to  be  planar;  one  chlorine  atom  rbes  above  the 
median  plane  of  the  nucleus  while  the  other  sinla  below  Ir.  The  planarity  of  the  nucleus  itself  b  dbturbed.  For  de* 
termination  of  the  out-of*pIane  characterutics  of  the  molecule  we  calculated  the  deviatlorn  of  the  atoms  (apart  from 

the  hydrogen  atoms)  from  the  median  plane  pasting  through  the  twofold  axU 
of  symmetry  and  the  carbon  atoms  C^.  Cj.  C|.  and  Cf.  In  a  rectangular  system 
of  coordinates  (0x*y=.  where  Ox*  b  the  normal  to  the  z  axb)  the  equation  of 
thb  plane,  found  by  the  method  of  least  squares,  b  of  the  form: 

O.aiSCx  +  0,9373y  «  0. 

Deviations  of  the  atoms  from  thb  median  plane  are  given  In  Table  6  and 
Fig.  8  (values  In  parenthesbX  .  * 

Althou^  these  values  (apart  from  the  deviations  of  Cl  and  Cj)  are  close 
lo  magnitude  to  the  experimental  error,  they  are  fully  corubtent  with  the  by 
potherb  PJ  that  In  presence  of  considerable  steric  bindraoces  between  substl* 
tueots  the  benzene  ring  tends  to  auume  the  chab  conformation  (analogously  to 
the  cyclohexane  nucleus).  Thb  tendency  b  weaker  lo  condensed  aromatic 
systems  (because  of  the  presence  of  a  long  conjugation  chain)  but  It  rseverthe* 
less  persbta.  The  tame  relationship  was  found  for  other  aromatic  rooleculca 
with  large  steric  hlodrancct.  such  at  pcrl'dihalonaphthalenet.  A  *tlde*  view 
of  the  4^**dichloroacenaphthene  molecule,  Le.,  along  the  median  plane  and 
t}>e  normal  to  the  twofold  axb,  b  shown  In  Fig.  9  (deviations  from  the  median 


ect 


Fig.  8.  Heights  of  clectzoo'denslty 
maxima  (el/A*)  and  deviations  (In 
A)  of  atoms  from  the  median  plane. 


plane  are  magnified  deliberately).  The  angle  formed  by  C-Cl  l-ond  with  the  median  plane  of  the  molecule  la 
(In  1,4^.^ -ictrachloronaphthalene  (9J  it  la  5*57*). 


Fig.  9.  Side  view  of  the  4,4**dichloioacenaphthcne  molecule. 

When  the  conformations  of  4,4*-dlchloroacen3phthene  and  pcri-dihalogcnated  Qaphthaler)es  are  compared,  it 
ia  also  necessary  to  take  into  consideration  the  influence  of  the  CH{-Ci^  bridge,  it  has  already  been  noted  that  this 
bridge  •p'^IIa  together*  the  Cj  and  C£  atoms  of  the  naphihale.Tc  nucleus  and  so  facilitates  Ita  deformation  by  Cl. ..Cl 
-  jterlc  effects.  This  explains  why  the  Cl. ..Cl  distance  in  the  4.4*'dichloroace- 

TABLE  cv  °  naphthene  molecule  b  3.12  A,  whereas  in  l.A.S.S-tctrachloronaphihalcne  [9J  it 

in  A  rc-.n  tj  e  e  tan  ane  ^  accordingly,  the  valence  angle  dutortion  b  greater  and  the  dbturbance 

-  ■  —  of  planarity  b  less  in  the  former  than  in  the  lattec. 

vl  * 

Atom  Atom  ,  7,  INTERMOLECULA  R  AND  EQUILIBRIUM  DISTANCES 

ation  atioa 

7""^  ~  "  Tljc  molecular  packing  in  the  crystal  b  shown  in  Fip.  10  and  11.  Each 

^  ^  *  *  n  on*  molecule  b  surrounded  by  the  20  neighbors  Ibtcd  in  Table  7  (I  b  the  "ortglnal* 

Cj  0.  .4  j  *  •  molecule;  II*XXI  arc  the  neighbors).- 

Cj  -0.01,  C,  0.00,  * 

C|  0.01,  C,  -0.04,  However,  the  original  molecule  I  "touches*  (i.e.,  the  corresponding  Intex- 

molecular  dbtanccs  do  not  exceed  the  equilibrium  values)  only  12  rselghboring 
moleculer,  namely:  II,  III,  V,  Vll-XIil,  XV  and  XVL  Therefore,  the  molecular  coordination  number  in  thb  suucture 


Atom 

Devi- 

Atom 

ation 

Devi¬ 

ation 

Cl 

C4 

0.02, 

Cl 

-O.OO4  C, 

0.00, 

Ct 

-0.01,  c. 

0.00, 

C| 

O.Cl,  C| 

-o.w. 

for  a  complete  characterization  of  the  molecular  packing  in  the  crystal  and  for  finding  the  equilibrium  Inter* 
molecular  durances  and  the  lattice  energy  we  calculated  all  the  intcnnolecular  dbtanccs  not  exceeding  S.O  A.  Thb 
applied  to  the  dbtanccs  between  a  given  molecule  and  14  of  its  neighbors  (in  addition  to  those  in  contact  with  It, 
molecules  VI  and  XIV).  These  dbtanccs  ate  given  in  Table  8.  which  contains  only  symmetrically  independent  db* 
lances;  the  cumber  of  such  dutances  b  specially  Indicated.  Certain  characictbtic  short  dbtanccs  are  also  shown  lo 
Figs.  12  »oi  13. 

The  equilibrium  Intcrmolecular  dbtanccs  were  calculated  by  the  method  of  mlnimalizatioo  of  the  effective 
lattice  energy,  described  in  [1].  The  expressloo  for  the  Interaction  energy  of  oonbonded  atoms  Is 

where  U  b  Lo  kcat  pet  mote  of  Intetactlons  (the  number  of  Interactions  b  equal  to  the  Avogadto  tuirober),  and 
(equilibrium  dbtaoce)  and  R(ihe  given  Irstcrmolccular  dbtance)  ate  In  A.  The  constants  A,  B.  and  a  for  Interactions 
of  variety  atom  pabi  are  given  In  Table  9;  data  for  *mixcd*  Ct...C,  Ct...H  and  C...H  Interactions,  i>o<  given  in  the 
literature,  were  found  by  the  combination  rule  (10], 

The  coostaot  a  was  taken  as  13.C0  as  thb  value  b  in  good  agreement  with  roost  literature  data  for  the  Inter¬ 
actions  in  question  vheieai  the  form  of  the  potential  curve,  according  to  P4],  b  lelatively  Insensitive  to  the  valut 
lakco  foe  a.  The  U(R/R,)  curves  for  Interactions  of  various  types  are  given  In  Fig.  14, 

.  In  analogous  structures  we  found  (1]  a  dbiinct  relationship  between  tbe  Intcrmolecular  radius  and  the  angle 
formed  by  the  conesponding  Interatomic  vector  with  the  plane  of  the  molecule;  therefore,  for  analysb  of  the  dU* 
taocea  wc  divided  the  14  molecules  in  the  coordination  sphere  into  the  following  groups  1)  roolcculca  11  and  XV;  the 
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Interatomic  t'ccton  Joining}  them  to  the  •original*  molecule  1  form  angict  tf  >  00  *  20*;  2)  moteculei  VI,  Vllf,  X,  XU 
XIV  JoJ.XVl;  f  oyioo*;  3)  molecule!  Ill,  V.  VII,  DC,  anJ  Xlll;  f  «0*  i  20. 

■  TABLE  7.  Numbering  and  S)inmetry  r.elatiofts  of  the  Molecule* 


Molecule 

Coordinate* 

Symmetry  relation  to  the 
original  molecule 

1 

'.jr.* 

II 

jr.  yfl.  X 

HO*;/))  ■ 

III 

I.  X 

-k 

IV 

3r  z 

i(000) 

V 

".S.  --tVs 

2iI-V«y*/4| 

VI 

»— *.t.  »  -rVi.  c— •  * 

"(^/a  :) 

VII 

i-'.s.  »-rVs.  I-rV* 

^•I-Vay*'.! 

Vlll 

•(X  •/*.*) 

I.K 

x.sr-M.x 

k 

.X 

»•  X 

T(ou>) 

.\l 

ivVt.  y-r*,x.i-r‘ t 

2i|Vay*/a| 

.  .\ll 
.Mil 

'-r*  s.  y-fVs.  X— •;* 
y— Vt.  i-r*.f 

M'Vaxl 

2.1V.  yVil 

XIV 

y-Vs.  X— Vf 

XV  (II)* 
.\VI  (X)* 

X*  y-r*.  i-rl 

X.  y  r—  i-* 

T(0VsV*) 

iO'I  Va) 

XVII  (VJ)* 

x-*.'s.  y-I-Vs.  x-fV» 

-irVtZ) 

.will  (VIII)* 

'-Vr.  y-r* 

XIX  (XII)* 

XU.*/.,  r-t.!;. 

*(•*■*/.  x) 

XX  (XIV)* 

r-l  *  ..  S-*  !.  X  i-Vx 

.\XI  (IV)*  1  7.  I-rl 

*  These  molecules  are  taheo  out  of  the  positions  indicated  is  paxea* 
thesis  by  c  uacslatioa  and  canr:ot  be  shown  in  Figs.  10  and  12. 

The  equilibrium  distances  R«  were  determined  separately  for  each  group  of  molecules;  the  results  axe  given  in 
Table  10.  which  also  contains  the  shortest  ictermolecular  dutacces  for  all  the  typet. 


Fig.  10.  Projection  of  the  structure  on  the  ab  face.  On  the  tight  the  rrtolcculcs  ai« 
framed  In  the  ioicrmoleculax  radii. 


TABLE  8.  InictniotccuUf  Dlitancei  d  In  A 


Atoms 

1  4 

d* **»* 

Atoms 

4 

r 

a*(i)-ci(vi) 

2 

4.00 

>5 

c.(i)-c;(ii) 

2 

4,36 

4.55 

c.\  (l)-C,(ll) 

2 

4.M 

>5 

C.(l)-C,(ll) 

2 

4,28 

>5 

cuo-cjii) 

2 

4.r-8 

3.74 

c,(i)-r..(ii) 

2 

4,30 

>5 

CI(I)-C,(II) 

2 

3,90 

>5 

C»  (1)— 0»(ll) 

1 

3,80 

•3,80 

ci(i)-c;(ii) 

2 

3,75 

3,92 

C.(l)-c,(ll) 

2 

3.81 

3,81 

CI(I)-C:(II) 

2 

3,72 

>5 

ci(i)-c;(ii) 

2 

3,70 

4.05 

<%(!)  -C,(ll) 

2 

4.58 

>* 

ri'(i)-c,  (II) 

2 

4.48 

>5 

C,(l)  -C;(||) 

2 

4,55 

4.86 

«'i(i)-c*{ii) 

2 

4.G5 

>5 

•  r.(!)-C4(ii) 

1 

4.31 

4.31 

Cl(l)-Q{ll) 

2 

3,90 

4.75 

c;(i) -r;(V) 

4 

1.82 

>s 

rj(i)-r:;(iii) 

4 

3,00 

>5 

<:•(»)  -rjiviii) 

2 

3,81 

>5 

ci(i)-c;(iii) 

4 

4.22 

>5 

c,(i)  -r^cviii) 

2 

4.81 

>5 

ci'(i)-r.(iii) 

4 

4.95 

>5 

c,(i)  -r;(viii) 

2 

4,78 

>5 

ci'(i)-c;(V) 

4 

3.91 

>5 

c,(i)-c;(viii) 

2 

4.12 

ci'(i)-r;(V) 

4 

4.10 

>5 

(VIII) 

2 

3,69 

>5 

CI'(I)-C,(VI) 

2 

3.81 

>5 

j  cl  (1) -r;  (VI 1 1) 

n 

4.65 

>5 

CI'(I)-C,(VI) 

2 

4.30 

>s 

r.fi) -c:(Viii) 

2 

4,30 

>5 

<^'(0--C;(VI) 

2 

4.C9 

>5 

•  cjD-CHX) 

2 

4.71 

>5 

0,(l)-C,(II) 

2 

4,SS 

>5 

C;(I)-C,(X) 

2 

>5 

4,46 

0,(l)-c,(ll) 

2 

3.83 

4.W 

cun-iijdi) 

4.73 

3,59 

»^s(i)-c;(ii) 

2 

3.87 

3,85 

:  ci(i)-ii;(ii) 

2 

4.74 

4,93 

Ci(i)-c;(ii) 

2 

1.C6 

3,92 

CKD- llj'dl) 

2 

3.13 

4.72 

^^s(l)  -c*(ll) 

2 

3.82 

>5 

rid)-ii!(ii) 

2 

3,10 

>5 

«%(l)-c,{ll) 

2 

4.52 

>5 

a(i)-iij(ii) 

2 

4.74 

3,23 

0.(l)-c«(ll) 

2 

4.25 

>5 

Cl' (I)  11,(11) 

2 

4,86 

>5 

c,  (I)  -0.(1!) 

2 

4.33 

Cl  (1) -111(111) 

4 

3,11 

>s 

c*(i)-ri(ii) 

2 

3.77 

>5 

Old)-  II:  (III) 

4 

3,23 

>5 

c,(i)-c;(ii) 

2 

3,49 

4,30 

CI(l)-llj(III) 

4 

4,16 

>5 

c,(i)-c;(ii) 

2 

3.83 

3,90 

CKI)  -Il:*dll) 

4 

4.17 

>5 

Cs(i)-c:(ii) 

2 

4.69 

>5 

ci'd)-ir;(V) 

4 

2.03 

>5 

Cs(l)-c,(ll) 

2 

4.75 

>5 

a'(i)-ii;(V) 

4 

3,09 

>s 

c,(i)-c;(ii) 

2 

3,75 

3,75 

crd)-i!,(vi) 

2 

3.00 

>5 

c,(i)-c;(ii) 

2 

3.66 

4.43 

cr(i)-ii.(vi) 

'  4 

4,61 

>5 

C.(l)-c,(ll) 

2 

3,73 

>5 

c;(i)-ii,(ii) 

2 

4.97 

>5 

C,(I)-C.(II) 

2 

3,80 

>5 

c,d)-ii;  (11) 

2 

4.16 

3,65 

C,(I)-C4(II) 

2  . 

4.42 

>5 

c,(i)-ii;(ii) 

2 

4.» 

3,68 

Cs(l)-<(*l) 

2 

4.30 

3.49 

c,(i)-n;(ii) 

2 

4.43 

3.»l  . 

c.(i)-c;(ii) 

2 

4.17 

4.17 

c,(i)-ii;'(ii) 

4.54 

>5 

C,(I)-C»(II) 

2 

3,75 

4.51 

c,(i)-ii;(ii) 

2 

4.90 

>5 

C.(l)-c.(ll) 

2 

3.53 

4,33 

• 

- 

*  0  Is  the  number  of  distances  (symmetrically  equivalent)  per  molecule. 

**d*  U  the  distance  to  «  molecule  takes  out  of  the  original  position  with  obligatory 
trarulatloo  c;  see  Table  7. 


! 
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TABLE  8  (coQiimicd) 


C,(l) 

C.CI) 

<%(I) 

*\{U 

*hO) 

«CO) 

<(!)- 

r;(i) 

•  •(1) 

•:i(» 

S(»; 

f'iO) 

‘'iO) 
•\0)- 
''*(»)- 
(l>- 
<(!)- 

«:;(!)- 

<•.(!)- 

•Ml): 

^-•(1)- 

•’Ml)- 


-Iijcil) 

-11}  (II) 
-11,(11) 
-lll(II) 
-11.(11) 
-ll:(II) 
-II:  (11) 
11.(11) 
-n:(II) 
-11,(11) 
-H:(II) 

•n.(ii) 
ii.(ii) 
-ii;(iii) 
-11:  (III) 

II,*  (V) 

ir,(V) 

■ii;(V) 

-ii;(Vi 

-ll*,*(V) 

-ii;*(V) 

llfl') 

-ii:(V) 
-II.(VI) 
-II.(VI) 
.I!,(VIII) 
-II, (VIII) 
-II, (VIII) 
-II:(Vin) 
-Ii,(vni) 
-II,  (VIII) 
-II, (VIII) 
.II,(VIII) 
-II,(VIII) 


T.f.9 

>5 

>5 

>5 

>S 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

<5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>5 

>S 

>5 


<\(l)- 

^.*(1) 
<(•)- 
^'MD- 
C,(i) 
<:,(!)  - 
C,(I)- 
f^(i)> 
•Id)- 
•',*(1)  - 
^,(l)- 

'^;(i)- 
11,(1). 
11,(1) 
"'.(I) 
n:(i)  - 

n;(i)- 

ll'jd)- 

ii;(i)- 

111(1)- 

II:{I)- 

ii;(i)- 

ii;(i) 

ii.(i)- 

iiid)- 
iir(i)- 
iij'd)- 
■ij*d)- 
iir(«)- 
iif  (I)- 

iij*(i)- 

iifd)- 


-llJ(VIII)  2 

-llJ(VIII)  2 

.ii’(viir)  2 

-ll,(VIII)  2 

-II,(Vltl)  2 

-ll,(V|||)  2 

-lir(X)  2 

-11*/ (^)  2 

-lir(X)  2 

-ll:(X)  2 

-lir(X)  2 

-IlfW  2 

-IlfW  2 

-li;(ll)  2 

-H/dl)  2 

-»*/('')  4 

-»/(')  4 

-^II,(VIII)  2 

II',  (VIII)  3 

-ll}(VIII)  2 

Ii;(VIII}  2 

11}  (VI 1 1)  4 

-ii!(vni)  2 

-ll}(\TII)  2 

-ii!(vni)  2 

-ii'/(vni)  2 

-11*  (X)  2 

-ll’{X)  2 

-iir(X)  2 

-II.(X)  2 

-||;(X)  2 

-llf(X)  2 

-iir(X)  2 


>S 

>5 

1.00 

>5 

•S.7» 

\,rA 

>'• 

>'• 

>5 

>5 

>5 

>5 

>S 

>5 

4.1 

>5 

>5 

>5 

4.24 

3.0S 

2.fi5 


r" 
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ThciecqunibilumJitianccf  were  meJ  for  finding  rhe  iotermolccular  radii  for  all  ih€g/v»;*iof  molecule*: 

Croup  of  lotermol.  radius  la  A 
molecule* 

1 

2 
2 


a 

0 

R 

1,92 

1.91 

1,28 

1.91 

1.90 

1.23 

2.00 

1.93 

1.13 

The  • 

missing* 

cquilibri 

actions  were  calculated  from  these  va1ti<»a.  These  equilibrium 
distances  and  the  interactioD  energy  curves  for  tsonbooded  atom* 
(Fig.  14)  were  used  for  calculating  the  effective  lattice  energy, 
which  was  found  to  be  22.S  hcal/mole,  /a  ia  the  case  of  hexa* 
chlorobenzene  [1).  most  of  this  energy  Is  due  to  imeractloru  In*  . 
volving  chlorine  atoms.  Le..  In  this  C1...C  Interactions. 

Atomic  attraction  at  distances  exceedusg  ^.00  A,  which  was  r>oC 
taken  Into  account.  Introduces  a  correcrI>v3  r)ot  exceeding  S-10^ 
into  the  value  found  for  the  lattice  energy  CIS). 

We  define  the  ersergy  W(R/Rj)  of  c'.eric  hindrance  as  the 
increase  of  molecular  energy  due  to  <or.r:sctioo  of  the  duianccs 
between  noobonded  atoms  In  comparlio't  with  the  equilibrium 
distances.  Then  the  energy  of  sicric  ki.vfraoce  of  an. ideal  mole¬ 
cule  with  the  dbtanccCl...Cl*2.77  A  Is  W(2.77/3.90)  =  10.9 
kcal/molc  is  a...Cl  =3.12  A  sustained  V( 3.12/3.90)  =  2.4  kcal/ 
/mole.  Therefore,  the  deformation  of  valence  angles  and  loss  of  planarity  which  were  noted  above  lower  the  energy 
of  stcric  hindrance  by  8.S  kcal/mole. 


Fig.  11.  Close  packing  of  molecules  (I  and  It) 
linked  by  a  center  of  symmetry. 


TABLE  9.  Values  of  the  Constants  A,  B,  and  a 


Interaction 

A 

h 

•  1 

Literature 

fj.  .  .a 

2.V« 

M.lVt 

PH 

r..  .  .c 

t».3it 

in.ivo 

112 

If ...  II 

lit) 

<1  .  .  .c 

O.-TIJ 

13,01 

Cl ...  11 

0.921 

li.fO 

C.  .  .  II 

0.121 

|3,C0 

— 

TABLE  10.  Equilibrium  (R^  and  Shortest  Intcrmolecular  Distances  In  A 


Croup 

of 

mole- 

f  iiIm 

] 

Shortest  distance 

CI...C:  1 

CI...I1 

C...C 

j  C...II 

a...ci  1 

CI...C 

Cl...tl 

C...C 

c.  sr 

1  M...H 

1 

.3.FC 

.3.22 

3.BS 

1 

>•) 

>5.00 

3.70 

.3.10 

.3.49 

.3,0 

3.90 

•# 

3.M 

3.15 

> 

>  1 

4.00 

r..oi 

2.*«S 

1.R2 

3,47 

2.62 

3 

4,00 

3,13 

3.A5 

3.13  1 

>3.Ut 

.3.81  ] 

3.05 

3.C9 

3A3 

3.16 

*The  symbol  >  denotes  that  the  conespondLig  distsocct ue cenMy  ffesxtt  A* 
equilibrium  values. 


••  MOLECULAR  PACKING 

The  structure  of  4,4**dlch1oroacciuph(ber>e  b  formed  by  layers  of  the  symmetry  2|'C7  j  ).  vdilcb  are  only  per* 
mbsible  in  respect  to  density.  One  such  layer  b  shown  in  Fig.  10;  the  coordination  number  the  layer  b  six.  How¬ 
ever,  superposition  of  the  layers  (by  the  centers  of  symmetry)  pcocceds  with  much  closer  packus^gfsee  Fig.  11),  so  that 
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the  itructurc  4i  a  whole  Im  the  very  hl^  packing  factor  k  *0.75,  although  It  beloogi  to  the  ipccific  group  C2/c 
which  U  i>ot  the  cloictt  for  nioleculet  lo  ipcclat  poiiiloos  with  twofold  s)’nimetry,  but  merely  llmitlngly  clo<e  [16]. 

In  conclusion,  the  authors  thank  Prof.  A.  L  KItalgorod* 
V.  skll  for  hU  constant  interest  and  valuable  comments,  and  V. 

1^50  •  A,  Koptyug  for  stipplylng  the  sample  for  Investigation. 
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INTERNAL  ASYMMETRY  IN  COMPLEX  COMPOUNDS 
n.  CERTAIN  RESULTS  AND  DISCUSSION 

• 

1.  B.  Beriukcr 

Ixutitute  of  Chcmbtxy.  AcaJcmy  of  Scleocet  of  the  Moldavian.  SSR 
Tranilatcd  from  Zhurnal  Struktuinoi  Khimii.  Vol.  2,  No.  6. 
pp.  734-739,  Novcmbcr-Deccmbcr,  1961 
Original  article  submitted  October  24. 1960 


In  coniinuaiioo  of  the  previous  communication,  this  paper  contains  the  results  of  numerical  calcula¬ 
tions  of  internal  asymmetry  in  certain  hydrated  complexes  of  transition  metals  of  the  first  long  period. 

The  role  of  dynamic  effects  (caused  by  the  exbtence  of  three  equivalent  asymmetric  configurations  of 
the  complex)  in  experimental  determination  of  Internal  asymmetry  is  elucidated.  It  Is  shown  (quali¬ 
tatively)  that  for  each  method  of  measurement  there  It  a  temperature  (or.  more  correctly,  a  tempera¬ 
ture  range)  below  which  the  complex  is  seen  to  be  asymmetric  and  above  which  the  asymmetry  Is  not 
revealed  as  the  result  of  averaging  over  all  the  asymametric  configurations.  Comparuon  with  experi¬ 
mental  data  fer  the  crystalline  state  showed  that  the  theoretical  results  are  in  qualitative  agreement 
with  experimental  data. 

1.  INTRODUCTION 

In  the  previous  communication  [1]  we  considered  internal  asyTnmctry  In  six -coordinated  Ionic  (high-spin,  or 
•spin-free*)  complexes  of  transition  metals,  which  arises  because  of  the  asymmetry  of  the  p  -cloud  of  the  incom¬ 
plete  d-clccuon  shell  of  the  central  ion.  A  qualitative  explanation  of  this  asymmetry  can  also  be  derived  from  the 
Jaho“ Teller  theorem. 

According  to  Eqs.  23,  27,  and  32  (1).  for  point -dipole  ligands  the  Internal  asymmetry,  Le.,  the  difference  bc- 
,  iween  the  lengths  of  two  diagonals  of  the  octahedron.  Is: 

(1) 

(2) 

(3) 


I  =  (:|./'2I  A*,).  (/7«)J 

for  the  electron  configurations^  and^, 

\  »  OVIU',)  I l2r*(/7«)  +  5/-; (/?«) I 

for  and  d*.  abd 

I  «  (n.TOA.)  |:4/-;(/7«)  -  23/-;  (/?«)) 

for  d*  and  d*. 


Here  p  Is  the  effective  dipole  moment  of  the  ligand,  R^  b  the  equilibrium  dbtance  from  the  central  loo  to 
the  ligands  which  form  a  regular  square.  Fq(R)  U  determined  by  Eq.  (12)  (l](the  primes  represent  derivatives)  and 
contains  the  parameter  a  of  the  effective  nuclear  charge  for  the  d-elecuon,  and  K|:kx|-2)(u«ku.  where  VJ  representa 
the  force  corutaots  conesponding  to  changes  lo  the  absolute  values  of  the  dbunces  between  the  ligands  and  the 
cenual  ion  [during  theb  motion  along  three  mutually  perpendicular  axb,  see  Eq.  (5)  [IJ;  the  ligand  arc  tsumbered 
so  that  the  diagonals  of  the  octahedron  are  formed  by  the  pairs  1-4,  2-S.  and  3-6^ 


Aiulogous  equations.  (22). (26).  and  (31)  [1]  were  derived  for  ligands  which  are  point  loos. 

In  thb  communication,  which  b  to  be  regarded  as  a  continuation  of  the  preceding  one,  we  discuss  the  applica¬ 
tion  of  the  results  obtairsed  to  the  study  of  certain  physicochemical  properties  of  complexes.  The  optical  properties 
ve  not  considered  at  they  will  be  dealt  with  to  the  next  communlcatioo. 

2.  CERTAIN  NUMERICAL  RESULTS  FOR  INTERNAL  ASYMMCTtT 

It  b  necessary  to  know  the  parameters  of  the  complex  which  are  Ibtcd  above  for  calculation  of  the  numerical 
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valuci  of  I  from  Eqi.  (1*3)  ii>J  from  (22),  (26),  anJ  (31)  [1 J.  Noi  all  of  them  arc  well  known  and  the  force  coniianu 
have  bccD  studied  the  least.  However,  a  simplification  Is  possible  for  the  latter. 

First,  It  can  be  shown  that  Kj  ■l<n-2kjj  ♦  Is  equal  to  the  coefficient  of  the  retracting  force  acting  on  ligand 
1  In  its  motion  when  the  ligand  pair  1  and  4  approaches  and  one  of  the  pairs  2  and  S  or  3  and  6  moves  away  from  the 
central  Ion  remaining  all  the  time  on  mutually  perpendicular  axis;  the  absolute  displaccmcois  from  the  et^li1ibriura 
positions  are  the  tame  for  all  ligands.  Such  motion  corresponds  to  normal  vibration  of  type  e^  [2],  We  can  therefore 
puts  •  • . 

irs".v««.  (4) 

where  M  b  the  reduced  mast  of  ligand  1  and  u  b  the  circular  frequency  of  the  e^  vibration. 

For  determination  of  the  effective  dipole  moment  p  (for  dipole  ligands)  we  can  assume  that  Ps  *  Ps^  Pi*  vhere 
Pi  b  the  constant  dipole  moment  of  the  ligand  and  pi  b  t!ie  dipole  moment  Induced  by  the  field  of  the  central  Ion 
and  of  the  remaining  ligands.  If  we  disregard  the  slight  difference  of  p|  for  ligands  situated  at  the  ends  of  the  long 
and  short  diagonals. respectively,  ve  have: 


'■■■ik-mn 


-t)- 


(s) 


Here  e  b  the  charge  of  the  central  ion.  0  b  the  polarizability  of  the  ligand,  and  b  the  equilibrium  dbtaoce  be* 
tween  the  ligand  and  the  central  lots. 

Table  1  gives  the  results  of  nurrcrical  calculations  from  Eqs.  (l)-(3)  for  Internal  asymmetry  in  certain  hydrated 
complexes  of  transition  metals  of  the  first  long  period. 

TABLE  1.  Numerical  Values  for  Internal  Asymmetry  to  Certain  Hydrated  Complexes  of 
Transition  Mctab  of  the  First  Long  Period 


Complex 

Electron  coo- 
Figurationof 
central  ion 

C  =2(R„-R^)I 
in  A  1 

Complex 

Eivciton  con¬ 
figuration  of 
central  ion 

l  =2(RofRat 
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Ti  (ll:0),«^ 

O.JG 
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O.tt 

Ke(ll:t»).** 

d*  ■ 

U.21 

d* 

0.79 

iVXllsO).** 

•/* 

0,27 

V 

d* 

O.tC'i 

Cr(IIjOi,»* 

d* 

0.73 

C..(ll,0)r* 

d* 

o,tv.»o 

It  was  assumed  Li  all  cases  that  >2  A.  and  a  was  determined  from  the  corresponding  Ionization  potentials 
forSd-electrons.  For  the  induced  dipole  moment  we  found,  from  Eq.  (5).  the  value  p|  =  0.23  a.u.  for  the  bivalent 
central  ton  and  p|  =  0.61  a.u.  for  the  uivalent  ion  (the  constant  dipole  moment  of  the  water  molecule  p  =  0.72  a.a.I. 

We  do  not  know  the  exact  values  for  the  frequencies  urof  type  Cg  vibrations  necessary  for  calculation  of  K|. 
According  to  available  data  [3.4]  u  for  a  bivalent  central  ion  b  of  the  order  of  200*250  cm**.  Thb  frequency  should 
be  higher  for  a  complex  with  a  trivalent  central  Ion.  to  order  not  to  make  the  calculated  value  of  I  too  high,  ve 
took  K|  -tO.6*  10*  dynes/ero  for  the  bivalent  complex  (which  approximately  corresponds  to  a  frequency  of  250  cm'*) 
and  K  *  0.9*  10*  dyoes/cm  for  the  trivaleot. 

It  follows  from  Table  1  that  the  electron  configuration  £*  and^  give  the  greatest  internal  asymmetry.  Thb  b 
to  be  expected  from  the  general  form  of  Eqs.  (l)-<3)  if  it  b  taken  into  account  that  FolR^)  are  positive.  The  value 
of  (  b  appreciably  lest  for  configuratioru  d*  and  d*  than  for  d*  and  d*.  but  It  u  still  fairly  considerable  comprbing 
about  10?»  of  the  length  of  the  undistorted  diagonal.  The  value  of  (  for  the  ^  and  £  electron  configuration  b  very 
small  and  may  be  neglected  in  the  pcesent  approx Imatloa. 

3.  ROLE  OF  DYNAMIC  EFFECTS.  TEMPERATURE  TRANSITION 

Before  we  compare  the  results  with  experimental  data  it  b  necessary  to  consider  an  important  consequence  oC 
the  exbtence  of  different  dbectlons  of  dbtortion  of  the  configurational  octahedron  at  the  result  of  Intertul  asymmetry 
and  to  take  Into  account  the  dynamic  effects  to  which  it  lca<^ 
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tn  ouc  lovcstigJtioa  of  Iniernil  atymmetty  we  emphaiizcJ  that  for  llgamYi  of  ihe  tame  Vlod  It  U  quite  tromi* 
tcrial  vMcb  of  the  three  dlagoiuh  of  the  equilibrium  oetahciiroo  li  longer  or  shorter  than  the  other  two;  there  are  coa> 
lequently  three  possibilitUi  for  a  tetragonal  distortion  of  the  oetahedron.  Tor  each  of  these  posilbllltlra  there  b  a 
tnlnlmum  of  the  potential  energy  S'irface  as  a  function  of  the  interatomic  dbtances  (!]•  snd  therefore  one  equilibrium 
conflguratioa. 


1. 

/f-: 

-■»  /lai  *  =3  /font 

fl»i 

11. 

rtn. 

■  J  A  *3 

/l«c^  fftt 

Ilf. 

ftjn 

“  /1m  -*  /IwS  ^  /IfS* 

/!»»  >  ffm 

For  example,  for  the  cases  of^*  and  ^  the  three  equilibrium  configurations  of  the  elongated  octahedron  correa* 
poods  to  the  following  three  relationships  between  the  distances  of  the  ligands  to  the  central  Ion  [1]: 

(6) 

Three  analogous  equilibrium  configuratioru  are  obtained  for  the  complexes  in  every  case  of  internal  asymmetry,  Tbe 
figure  shows  three  such  equilibrium  configurations  for  an  elongated  octahedron.  It  b  easy  to  see  that  in  the  absence  of 
external  fields  definingsome  particular  direction  in  space  the  three  equilibrium  configurations  are  ihutually  equivalent. 

In  connection  with  the  existence  of  several  (in  esr  case,  three)  equivalent  configurations  In  the  system  the  ques* 
tion  which  naturally  arises  is.  would  one  of  these  configurations  be  revealed  by  experimental  rrcasuremeots.  or  do 
they  all  appear  simultaneously,  la  the  latter  case  the  measured  quantities  should  be  average  values  for  all  the  equiva* 
lent  configuration  states.*  The  arjwer  to  this  question  depends  on  the  character  of  the  potential  barrier  between 
equivalent  configurations.  If  this  barrier  is  high  enough,  it  Is  reasonable  to  speak  of  quasutationary  states  correspond¬ 
ing  to  each  of  the  configuratior^s  and  of  the  probability  of  transitions  between  them  (mainly  by  the  tunnel  effect). 

This  gives  rue  to  the  conccpc  of  the  life  r*  of  each  configuration,  and  the  reciprocal  quantiiy-ihc  transition  frequency 
(•/.  Suppose  that  the  complex  is  subjected  to  an  external  influence  charactetiaed  by  a  certain  frequency  lji.  Then 
there  are  three  possibilities  with  regard  to  the  appearance  of  individual  configurations: 

1)  h/»  u*.  In  this  case  one  conriguration  of  the  complex  appcan.because  there  b  not  enough  time  for  transi¬ 
tions  between  different  configurations  during  interaction  with  the  cxtcrrul  field. 

2)  In  thu  case  the  measured  quantity  b  averaged  over  all  the  three  states  of  the  equivalent  conUgura- 
tions  since  the  frequency  of  the  transitions  between  them  b  considerably  higher  than  the  charactcrbtlc  frequency  of 
the  external  Influence. 

3)  u  -'ur*.  ThU  b  a  case  of  a  special  kind  of  interaction  of  a  resonance  character  between  the  complex  and 
the  external  field. 

It  b  easy  to  see  that  internal  asymmetry  can  be  detected  directly  only  if  condition  1)  b  satbfled;  Le..  when 
For  a  given  state  of  a  complex,  Le..  at  given  u*.  it  depends  on  the  frequency  u/  of  the  external  Influeoc* 
whether  thb  condition  b  satbfied.  li  follows  that  the  possiblUiiy  of  detecting  Internal  asymmetry  depends  on  ih« 
sseasurement  method  used.  In  other  words,  b)tcioal  asymmetry  may  be  manifested  In  some  effects  and  not  in  others. 

At  the  same  lime,  the  maoifestailoo  of  internal  asymmetry  also  depends  on  the  state  of  the  complex;  In  par¬ 
ticular,  on  the  temperature.  Indeed,  at  the  temperature  rbrs  the  probability  of  a  transition  aaoss  tbe  potential  bar¬ 
rier  between  two  equilibrium  configurations  inereases,  and  consequently  the  transition  frequency  also  Increases, 
Therefore.  It  may  happen  that  with  a  given  method  of  measurement  the  condition  «•/«  w*.  And  since  internal  asym¬ 
metry  b  f>oi  directly  detected  when  u«  w*  we  conclude  that  the  asymmetric  complex  pauer  into  the  symmetrical 
state  (averaged  over  the  three  states  of  asymmetry)  with  rbe  of  temperature. 

*  Similar  problems  arbe  In  many  molecular  systems  having  two  or  more  equivalent  equilibrium  corulderationsfe.g., 
the  Inversion  vibrations  of  ammonia  and  hindered  rotations  in  organic  molcculesX 
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Thus,  for  each  nicihoJ  of  incaiuremcnt  ihctc  should  be  a  ccrtalo  temperature  (or,  more  cotrecily,  a  tempera¬ 
ture  range)  below  which  the  Inner  aiyttimciry  of  the  complex  appears  and  above  which  It  Is  not  directly  manifested. 
This  temperature  range  of  transition  of  the  complex  from  the  asymmetric  Into  the  symmetric  state  diffen  with  dlfer- 
ent  measurement  methods;  the  higher  the  frequency  w  characteristic  of  the  given  measurement  method,  the  higher 
will  thb  temperature  range  lie.  For  example,  at  a  given  temperature  Internal  asymmetry  may  be  manifested  In  elec¬ 
tron  absorption  spectra  but  not  In  Infrared  spectra  or  radio  wave  absorption. 

It  must  be  pointed  out  that  although  intetnal  asymmetry  b  manifested  directly  only  If  the  condition  u/»u>ts 
Kthflcd,  It  may  be  detected  Indirectly  even  when  u;« u;,  because  although  the  state  averaged  over  the  three  equiva¬ 
lent  configurations  b  symmetric  it  b  not  identical  with  the  configuration  sute  of  a  tegular  octabedrois. 

When  binuT*,  it  b  possible  to  determine  from  resonance  effect  the  frequency  u>*.  which  not  only  gives  Indica¬ 
tion  of  the  exbtctsce  of  several  equivalent  configurations  (and  therefore  of  internal  asymmetry)  but  also  mahes  it  pot*: 
tible  to  asscu  the  tuture  of  the  barrier  between  them.  A  more  detailed  (quartitativc)  treatment  of  some  questions 
touched  upon  here  b  to  be  found  in  our  publication  [24],  Certain  experimental  data  which  confirm  our  tesults  ate 
examined  below. 

4.  COMPARISON  WITH  EXPERIMENTAL  DATA  FOR  THE  CRYSTALLINE  STATE 

Dbcct  determination  of  the  aymmctric  configurations  of  complexes  by  diffraction  methods  b  possible  only  for 
the  crystalline  state.  However,  our  Investigation  of  internal  asymmetry  in  free  complexes  b,  strictly  speaking,  inap¬ 
plicable  to  the  crystalline  state.  In  particular,  if  the  influence  of  the  second  coordination  sphere  b  fairly  large  and 
ituufficicntly  symmetrical,  the  three  equilibrium  configurations  resulting  from  Internal  asymmetry  become  nonequl- 
valcnt  so  that  there  may  be  one  predominant  direction  of  asyrnmetry  with  a  value  of  (  differing  from  the  value  for 
free  complexes.  However,  if  the  influence  of  the  second  coordination  sphere  b  small  in  comparuon  with  interactions 
within  the  first  (as  b  to  be  expected  in  most  cases),  then  the  qualitative  and.  in  certain  instances,  quantitative  results 
obtained  for  free  complexes  may  be  traruferred  to  the  states  of  these  complexes  in  the  crystal  lattice.  It  b  evident 
that,  at  the  best,  agreement  In  order  of  magnitude  only  b  to  be  expected  hete  between  calculated  and  expcrlmcntat 
dau. 

Table  2  gives  certain  experimental  data  obtained  by  diffraction  analysb  of  crystalline  structures. 

TABLE  2.  Expcrimcnul  Data  on  Internal  Asynsmetry  for  Certain  Crystal  Structures  with 
Transition  Meub 
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(5 
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d* 
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2.30 
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CuCIa 
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d* 
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1.30 

tl 
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Cuflra 

d» 

3.18 

2.40 

2.40 
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12 

MnF, 

MnF« 

d« 

2.t>9 

1.91 

1.79 

O.CO-0.36 

13 

MnOtOII) 

MnOa 

d< 

2,:iO 

1,85-1.92 

0.1XJ-0,C8 

14 

Comparbon  of  these  dau  with  our  tesults  leads  to  the  following  conclusions.  1)  In  agreement  with  the  pre¬ 
dictions  of  the  Internal  asymmetry  theory,  certain  ions  become  surrounded  by  an  asymmetric  equilibrium  arrange- 
mcot  of  similar  ligands.  2)  So  far  thb  asymmetry  has  been  ducovered  only  for  Ions  with  «!*  and  d*  electron  conflg- 
uratlcnt  (Cu**  and  Mo^*);  the  theoretical  explanation  of  thb  b  that  in  these  cases  the  extent  of  internal  symmetry 
(and  hence  the  height  of  the  potential  barrier  between  the  equivalent  configurations  and  the  life  of  each)  b  fably 
large,  whereas  in  other  cases  It  b  appreciably  leu  (see  Table  1).  3)  In  the  case  of  Cu*t  (d*)  the  equilibrium  coo- 
figuration  of  the  ligands  in  the  first  coordination  sphere  b  a  tetragonally  dbiorted  octahedron.  Despite  the  view  pj 
that  Cu^^  Ions  form  only  elongated  octahedrons,  the  example  of  the  KjCuF4  crystal  shown  that  these  octahedrons  cao 
also  be  foreshortened  In  accordance  with  the  theoretical  predictions;  in  the  case  of  the  Mo’*  ioa(df)  all  three  dlago- 
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lub  of  the  ocuhcdwn  see  JiffcicnC  which  b  Incorabtent  wiih  the  iheory.  4)  The  calcutatcii  anJ  expc-rlmentat  dlf» 
fcteoccs  bciweeo  ihe  lengths  of  two  «5lagonaIi  of  the  deformed  octahedron  are  In  good  agrcctneni  la  order  of  magnl- 
luJe  [for  example,  compare  the  calculated  values  for  the  configurational  octahedron  around  Cu**  lo  the  free  CudljO)^* 
complex  with  experimental  data  for  almost  similar  octahedrons  lo  the  cr)*stals  of  CuS04«Sll20  and  CuCP|*Cu(OHl^]. 

Let  us  now  consider  the  experimental  evidence  for  the  temperature  transition  from  the  asymmetric  into  the 
symmeulc  state;  the  relevant  data  are  given  la  Table  3. 

TABLE  3.  Examples  of  Temperature  Trarasitlons  of  Certain  Complexca  from  the  Asyra* 
metric  into  the  Symmetric  State 
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• 
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d* 
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nq 
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d* 
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Diffraction 
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• 

In  every  case  the  configurational  octahedron  u  tctragonally  dbtorted  at  temperatures  below  the  range  Indicated 
in  the  table,  and  becomes  regular  at  temperatures  above  that  range.  However,  the  regular  octahedron  b  detected  aa 
the  result  of  averaging  over  the  asymmetric  configuratlom. 

•  * 

Thb  was  first  ducovered  for  the  g*factor  of  copper  fluosilicate  hcxahydraie  [21]:  It  was  shown  that  the  hlg)b* 
temperature  value  of  £=2.25,  docs  not  a^ce  with  the  val  r  of  g  for  octahedral  environment  of  the  copper  Ion  (where 
it  should  differ  substantially  from  2.25).  Abragam  and  Piyce  [22]  showed  that  thb  result  can  be  explained  on  the 
assumption  that  the  environment  of  the  Ion  b  not  cubic,  but  measurement  of  g  results  in  averaging  over  a  certain 
symmetry  parameter. 

According  to  [23],  the  tow>temperature  anisotropy  of  the  g>factor  can  be  explained  on  the  assumption  that  It  is 
the  coraequence  of  Internal  asymmetry  and  that  rbe  of  tcmperaTuie  results  in  averaging  over-all  possible  asymmetric 
configurations.  Thb  explanation  of  the  origin  of  the  temperature  transition  of  complexes  from  the  asymmetric  into 
the  symmeulc  state  does  not  account  for  the  dependence  of  the  transition  temperature  on  the  method  of  measurement 
osed.  Until  thu  hat  been  explained  It  remains  incomprchensIMe  why.  with  complete  bouopy  of  the  ^-factor  even  at 
60*K.  internal  asymmeuy  b  manifested,  for  example,  in  cleciton  absorption,  at  considerably  higher  temperatures 
(abo  compare  the  transition  temperatures  with  different  measurement  methods,  given  in  Table  3X 

A  qualitative  Interpretation  of  all  these  problems  b  given  in  thb  paper.  It  would  be  interesting  to  obtain  quao- 
tiutive  agreemeot  between  theory  aod  experiro'ent. 

In  conclusion,  the  author  thanls  A.  V.  Abtov  for  dbcussloos. 
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Reactions  of  quadrivatenc  vanadium  compounds  with  alkyl  derivatives  of  aluminum  yield  soluble  derivativea 
of  bivalent  vanadium,  which  are  active  catalysts  of  ethylene  polymerization  £1],  Elucidatica  of  the  structure  of 
these  catalytic  complexes  b  necessary  for  an  understanding  of  the  mechanism  of  the  polymerization  catalysis.  Con* 
sidcrable  aid  in  this  respect  may  be  obtained  by  investigations  of  electron  paramagnetic  resonance  (EPR)  spccaa.  as 
the  effect  is  usually  easy  to  observe  at  toom  temperature  with  bivalent  vanadium  compounds  (2). 


Fig,  1  .  .  Fig.  1 

In  this  note  wc  present  EPR  data  on  the  reaction  products  of  VCI4  and  organoaluminum  compounds  In  benzene 
sot'jfion.  The  reaction  of  excess  AlfC^H^li  or  AI(iso-C4H^  with  VCI4  is  almost  instantaneous  and  yields  dark-colored 
solutsons  which  are  apparently  true  solutions  because  they  do  not  exhibit  the  Tyndall  e.Tect.  If  the  amount  of  AIR^ 
b  msuffictciu  a  brown  precipitate  is  formed;  thb  b  probably  due  to  formation  of  trivalent  vanadium  compounds. 

figure  1  shovri  the  EPR  spectrum  of  a  solution  obtained  by  the  reaction  of  AlfC^H^  with  VCI4  In  benzene.  The 
wbcle  spectrum  (^*1.992,  width  510  oersteds)  b  split  into  eight  equal  lines  as  the  result  of  interactioo  of  the  unpabed 
ciccuon  with  the  varudium  nucleus  (I*  7.2).  Each  of  the  eight  lines  b  resolved  into  no  odd  number  of  components: 
seven  of  these  are  especially  dbiioct  but  two  or  three  weak  lines  esn  sUo  be  seen  at  the  edges  so  that  tbe  total 
csUTibex  of  components  in  each  line  may  be  11  oc  13.  Tbe  hyperfine  itructure  of  each  of  the  eight  lines  in  the  spec* 
trvfo  of  Fig.  1  b  shown  In  Fig.  S. 

Among  the  elements  present  in  the  system  (in  addition  to  vanadium)  which  cause  the  main  splitting.  H.  Al.  and 
Cl  atorm  have  ipim  other  than  zero:  1/2,  5/2.  sod  3/2  respectively.  Tbe  spcctmm  of  the  reaction  product  obtained 
wuh  Uicthylaluminum  with  all  its  hydrogen  atoms  replaced  by  deuterium  (1*1)  completely  coincides  with  the  spec* 
trum  in  Fig.  2  so  that  the  tplitling  cannot  be  attributed  to  interactioo  of  the  unpabed  electron  with  the  proton.  Tba 


Al  atomi  cannot  accoont  for  the  oServeJ  hypeiflne  line  itructure  either.  In  fact,  iflliting  at  one  Al  atom  ihoold 
give  ilx  equal  componcr.ti.  and  although  splitting  at  two  Al  atoms  doe«  give  11  components  theU  intensity  ratio 
(1:2:3:4:S:6:S:'4:3:2:1)  differs  entirely  from  that  observed  In  the  spectrum  of  Fig.  2.  The  most  probable  ex¬ 
planation  Is  that  the  observed  hyperfirse  structure  Is  caused  by  Interaction  of  the  unpaired  electron  with  four  Cl  atoma 
(I33/2).  Thb  should  lead  to  splitting  Into  13  lirses  with  Intensities  In  the  proportions  of  1:4:10:20:31:40:44:40s 
31:20: 10:4tl. 

The  dash  line  In  Fig.  2  Is  the  calculated  spectrum  for  interaction  with  four  Cl  nuclei.*  b  Is  seen  that  the  theo¬ 
retical  spectrum  b  very  close  to  the  observed  or>e.  Therefore  It  U  probable  that  after  reduction  the  bivalent  vanadium 
atom  remains  linked  to  four  c(;uivaleoi  chloritse  atoms.  This  can  be  explained  by  the  formation  of  a  structure  with 
bridge  bonds,  for  example: 


rX  *<3/  Xr 


h  b  still  too  early  to  deduce  the  participation  of  the  presumed  complex  in  the  polyTncrIzatlon  process,  b  maybe 
that  the  active  catalyxt  b  rx>t  this  complex  but  other  particles  in  equilibrium  with  it;  for  example: 


— R 

•Cj/ 


PI 
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*The  lines  were  taken  as  Cautslan.  A  correctico  was  applied  for  the  diffcicisce  between  the  momenu  of  Q**  and 
Cl**  nuclei.  The  spccuura  in  Fig.  2  b  calculated  for  a  ratio  of  0.C2  between  hyperfine  splitting  and  line  width. 
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Only  two  ciystalline  compounds  are  known  in  the  systenu  SrO-SiOj  corresponding  In  composition  to  the  ortbo- 
silicate  2SrO  •  SiOj  and  the  mcta^ilicate  StO  •  SiO|.  The  structure  of  those  compounds  has  not  been  detcnnlncd  fully 
by  x-ray  diffraction;  only  the  unit  cell  constants  were  determined  [1,  2).  Wc  have  investigated  the  infrared  spectra 
of  these  silicates  in  order  to  establish  the  structure  of  the  complex  silicate  anions.  The  figure  shows  trarumlssioo  (T) 
curves,  while  the  cable  contairu  the  frequencies  of  the  absorption  maxima,  and  an  attempt  Is  made  at  an  approximate 
interpretation  of  the  *intcmal*  vibration  frequencies  of  the  anions. 


Frequerrcles  in  Infrared  Spectra  of  Strontium  Silicates* 


SrifSiO^) 

Sr, (Sip,) 

Frequency,  cm** 

■  Assignment; 
SiO^fTj) 

Frequency,  cm”* 

Assignment;  Sip,(D3i]) 

963  vj.. 

db? 

1078  v.s. 

E*(ln)  , 

A*t  i 

1  (O-SiO-) 

910  t. 
90S  v.t. 

980  v.s. 

E'.#  I 

A*,  (in)  » 

•'as  (S‘OSl) 

886  t. 

1 

930  v.s.  dbT 

E».*  \ 

►  V,  (O-SiO-) 

838  m 

I 

*'|(Ai)  (In) 

A*,(in)j 

714  v.s. 

E*  I 

A*,  (In)  j 

[  V  (SiOSi) 

1 

632  m 

6  (SiO) 

651  s 

6  (SiQ) 

610 1 

and 

484  m 

and 

496  m 

v(SiO) 

443  t* 

V  (StO) 

*  Abbreviations;  V4.)  very  strong;  s)  suong;  m)  nioderate;  w)  weak;  db)  double; 
tn)  vibration  inactive  in  the  infrared  spectrum. 

••Assignment  of  the  9S0  and  930  cm"*  band  to  the  ir^(SiOSi)  and  r^fO-SiO-) 
vibrations  is  formal  in  character,  as  the  two  vibrations,  which  belong  to  the  iam«  ' 

.  symmetry  type,  issteract  tuongly  because  the  frequencies  are  very  close, 

Suong  absorption  In  the  1000-800  cm**  region  with  an  absence  of  hands  In  the  800-600  cnT*  region  brings  the 
spectrum  of  CSiO  *  SiO;  close  to  the  specua  of  orthosilicates  (in  particular*  d-Ca^iQ*  (3])  and  appean  to  confirm 
the  pretence  of  *isolatcd*  (SiQj**  iors.  The  presence  of  three  strong  bands  berween  800  and  1000  cm*^  may  be  at- 
Uihuted  to  splitting  of  a  ulply  degenerate  valence  vibration  of  the  SIQ*  icuahedron  by  the  interrul  field  of  the  crys¬ 
tal.  The  other  valence  vibration  of  the  tetrahedron  (fully  symmeuie)  Is  not  usually  observed  in  the  Infrared  spectrum; 


The  cotnpoiltloa  of  stxoiitluin  mct^Utlcxc  SrO  •  SIO|,  tuggesu  ih^t  tt»c  tno^t  probable  nr«Kivirc  of  ibe  complex 
anion  it  In  the  form  of  Infinite  iSlpjl^  cbalni  or  [SIOjlj,  ringt,  Ltcbau  (2)  postulated  the  existence  of  (SIO^lJ'  ring 
aniont  because  of  the  similarity  of  the  unit  cell  constants  of  strontium  rnetasillcate,  pscudcwollastonlte,  and  strontium 
getmanate  crystals,  the  structure  of  which  had  been  established  by  x-ray  structural  analysis.  The  spectrum  of  stronti¬ 
um  mctasllicate,  shown  In  the  figure,  is  very  similar  to  the  spectrum  of  pscudowollastonite  which  we  considered  ear¬ 
lier  C4)  and,  like  the  latter,  it  has  a  very  small  number  of  bands  (four  or  five)  In  tlsc  frequency  region  of  Sl-O  valence 
vibratloru.  This  Indicates  a  high  degree  of  symmetry  in  the  anion  and  makes  It  possible  to  assign  the  frequencies  (see 
table)  in  accordance  with  Liebau’s  hypothesis  of  the  existence  of  (SIjO,]*'  ring  anions.  It  was  assumed  In  assignment 
of  the  frequencies  that  the  anion  has  Djb  symmetry.  The  table  shows  that  our  hypothcils  l3-5)  iliat  the  750-600  cm** 
region  (or  the  800-550  cm”*  region)  it  quasicharacteristic  for  u,  (SiOSi)  vibratloru  (i.e.,  corresponding  to  the  valence 
lymmeirlcal  vibration  of  the  isolated  SIOSI  group)  Is  confirmed  in  the  present  Irutance, 

It  must  be  noted,  however,  that  it  is  somewhat  arbitrary  to  assign  tlie  551  cm**  band  to  dcformatlonal  vibrations 
of  the  anion,  at  it  cannot  be  assumed  in  advance  that  the  frequency  of  the  valence  vibration  of  the  anion  cannot. ap¬ 
pear  ill  this  region.  For  example,  this  band  may  be  associated  with  the  fully  tymmculc  u^(SiOSi)  vibration  which.  In 
.  ^  .  .  ccnuasi  to  the  degenerate  u, (SiOSi) vlbrailon(of the E* sym¬ 
metry  type)  relates  to  type  A|.  Inactive  in  the  Infrared 
spectrum  if  the  anion  symmetry  is  When  the  anion 
symmetry  is  lowered  to  Cjh.  i.e..  if  the  ring  Is  nonplanar 
this  is  no  longer  forbidden.  Thus,  the  problem  of  assign¬ 
ment  of  the  551  cm”*  band  reduces  to  the  choice  between 
the  plane  (Djjj)  and  noriplane  (Cjy)  conflguratloru  of  the 
ring  anion.  The  most  tellable  criterion  for  this  choice 
could  be  provided  by  Raman  spccuoscopy;  if  the  ring  is 
nonplanar  in  form  there  should  be  a  polarized  line  at  about  ■ 
550  cm”*;  ctherwire  in  the  sr^ (SIOSI)  frequency  region  a 
polarized  line  which  docs  not  coincide  with  any  of  ibc  ab¬ 
sorption  bands  should  appear.  However,  the  determination 
of  the  Raman  spcciium  of  microcr)!ialllne  Sr/Si/3j)  In¬ 
volves  considerable  difficulties.  We  shall  therefore  restrict 
ourselves  to  certain  conridcrations  which  indicate  that  the 
plane  form  of  the  ring  is  the  more  probable.  First,  even  If 
the  ring  of  three  silicon-oxygen  tetrahedrons  Is  planar  the 
SiOSi  angle  is  not  very  large  (»-  130“).  Therefore  thetraru- 
sition  to  a  nonplanar  form,  involving  an  inevitable  further  decrease  of  the  SiOSi  angle,  seems  improbable.  Second, 
if  the  SiOSi  angle  Is  not  large  we  may  expect  somewhat  higbci  frequencies  for  Uj(SiOSl)  vibrations  and  therefore  dse 
frequency  of  551  cm”*  is  too  low  to  be  assigned  to  vibrations  of  this  type.  (Prima's  [61  approximate  esdmaie  of  the 
vibration  frequencies  of  the  A|  type,  with  only  the  dynamic  valence  coefficients  taken  into  account,  performed  with 
the  aid  of  secular  cquatioru,  gave  a  value  for  the  Uj(SiOSi)  vibration  frequency  about  10^  higber  than  the  t^j(SIOSi) 
frequency  of  type  Aj  of  the  pyroxene  chain  calculated  In  the  sante  approximation  [7]).  If  the  55Tcm'^  ficquerscy 
cannot  be  assigned  to  valence  vibrations  of  the  anion  there  are  no  grounds  for  assuniing  that  the  anion  is  nonplanar. 

The  foregoing  interpretation  of  the  spectrum  and  views  on  the  form  of  SIjO^  ring's  In  suontium  rr.ctasdtcate  are 
equally  applicable  to  pscudowollastonite,  the  Infrared  spectrum  of  which  contairu  a  band  at  565  cm**,  corresponding 
to  the  551  cm**  band  in  the  spectrum  of  Sr/SijO^), 


LITERATURE  CITED 

1.  O.  Daniel.  Z.  KristaUogr.,  104,  348  (1942). 

2.  F.  Liebau.  Keucs  Jb.  Miner.,  1209  (I960). 

9,  A.  N.  Lazarev.  Optika  1  spektroskoplya,  9,'  195  (I960). 

4,  A.  N.  Lazarev  and  T.  F.  Tenbheva.  Optika  I  ipcVtroskoplya,  ^  21  (1962), 

5,  A.  N.  Lazarev  and  T.  F.  Tcnlsheva.  Optika  I  spektroskoplya,  10,  79  (1961). 

6,  A.  M.  Prima.  Optika  1  spektroskoplya,  9, 452  (I960). 

7,  B.  I.  Stepanov  and  A.  M.  Prima.  Optika  I  spekuoskopiya,  S,  1$  (1958). 


STRUCTURE  OF  K2O1O4  •  2H,0 


M.  A.  Pori  I  -  Kotblti*  L.  O.  Atoymyan. 
and  V.  G.  Andrianov 

N.  S.  Kutnahov  Imtitute  of  General  and  Inorganic  Cbcmlrtiy* 
Academy  of  Sciences  USSR 

Translated  from  Zhumal  StruVnirno!  Khimli,  VoU  2,  No.  $• 
pp.  743-744,  Novenibcr-Dcccmbcr,  1961 
Oigioal  article  submitted  July  1961 


Various  structures  have  been  attributed  to  the  compound  of  the  composition  KjOsQi  •  2HxOs  they  comprise 
K^OsOj  •  211^0  with  tcuahedral  complex  ions  and  KjfOsO/UiOJJ  (U,  Kjlf4fOX)tI  I2l,  KjfOsO/OlilJ  [3)  with  octa¬ 
hedral  complex  ions.  The  last  of  these  formulas  was  pot  forward  by  G.  B.  BeVii,  L.  O.  Atovnsyan,  and  T,  S,  Khoda- 
shova  on  the  basis  of  the  general  hypothesis  that  a  tendency  to  form  stable  grvjpings  of  the  MXj,  MX  type  withlight 
atoms  (mainly  oxygen  and  nitrogen),  supplemented  by  other  ligands  in  the  eccrplex,  is  a  characteristic  feature  of  the 
chemistry  of  complex  compounds  of  hcasy  metals  such  as  U,  W,  Mo,  Cr,  Os,  Pj,  etc.  Shortening  of  M—X  distances 
io  various  groupings  indicates  an  increase  of  bond  multiplicity  in  them  (4,  S, 

A  structural  investigation  of  K2O5O4  •  CiljO  was  undcriaVcn  in  order  to  verify  this  hypothesis;  in  contrast  to  the 
other  three  alternative  structures,  the  presence  of  (C;0;(0U)4)**’ complexes  pretupposcs  considerable  "comprcssioo'of 
the  Os  coordination  octahedron  along  one  of  its  axes. 

Crystals  of  KJO1O4  •  ClljO,  prepared  as  described  in  (7),  belong  to  the  tetragonal-bipyramldal  type  of  symme‘.*-ys 
the  { 101}  faces  are  the  most  developed.  The  lattice  constants  are:  a  *  S.'6  i  0.02,  c  =  9.44  i  0,05  A  (rcsulu  ob¬ 
tained  with  the  KFOR  camera  with  NaCl  standard);  sUpy^Q  -  4.04  g/cc,  N  »  2.  Space  group  I4/m,‘ 

Values  of  I  F  (hkO)  I  *  and  lF(hOf)|*  were  obtained  by  visual  assessrr.en  of  intensities  (by  blackening),  with 
the  Lerentz  and  polarization  factors  taken  into  account.  The  KFOR  camera  with  MoK^  radiation  was  used;  thcspccl- 
nens  selected  were  isometric  crystal  fragm^mts  with  linear  dimensions  not  exceeding  0.15  mm. 


The  general  structure  motif  was  determined  from  Panerson  projections,  and  the  atomic  coordinates  were  re¬ 
fined  from  electron  density  projections  and  the  difference  projection  o  (xz)~’0 y^(xz)  with  subtraction  of  the  Katom, 
occupying  a  nonpara m.ctric  position,  th<  maximum  of  which  partially  overlaps  wuth  the  maximum  corresponding  to 
one  of  the  oxygen  atoms.  The  divergence  factors  are  =  0.12  (64  reflection,  (sin  ^>/X)n,ax  *  Rjj^j  =  0.13 

(94  reflections,  (sin  =  I.OSJ;  zero  reflections  and  the  strongest  0i?>,lj>0,  040,400,  002,  004,101  reflections, 

considerably  distorted  by  extinction,  were  disregarded.  The  atomic  positicr^  aud  coordinates  are: 


Atom  Position 

M 

9 

'  1 

Atom  1 

jposition 

* 

9 

9 

0.  1  2M  1  n 

.  .1  i 

0 

0 

0 

•/.  j 

"1 

O„(0ll 

4(0  0  0 

8(A)  JO.  J98  Jo.iiTS 

0,l8ii 

0 

.  Tbe  Interatomic  distances  (in  A)  calculated  from  these  coordinates  are  given  below;  asterisks  iadicate  distaocea 
bcCween  atoms  io  the  sarrse  complex. 


fN  -  O,  1,77* 
O4  —  0„ 

_  K  n.  7.61  . 
K— O,  ..2.RI. 


K  —  K.  r, 3,92 (a 04  4.72) 

«,  .  2.70*  and  3.54 

0,1-  0|, . .  2.M*,  2,77aod  3.20 
<»,  .  0|  >•>  1,10  (and  5.90) 


•k-V- 


Tlve  Oi  i(ofn«  ilr.'itcd  at  the  Inicricctlon  of  the  fourfold  »xli  with  ibe  m  plane,  it  ©cubedrally  tuiroun<’ed  by 
rwoO|  atoms  on  tbc  fourfold  axb  and  four  0||  atomt  In  the  m  plane.  The  dittancei  Ot”Oj  «  1,77  A,  the  dlttance 
Ot-Oj,  -  2  .03  A.  Ihe  Pint  It  cloic  to  tlic  Ot-O  dlttance  in  KjCOtOjClil  (8),  which  it  1.85  A,  indicating  the  pretence 
of  the  otrnyl  group  with  O  *  Ot  *  O  double  bonds,  and  the  second  cortespon^it  to  the  length  of  the  Oi“OII  tingle  bond, 
Thut,  the  deformation  of  the  octahedron  (which  it  flattened)  and  the  distances  both  indicate  the  presence  of  tetraby- 
droxyosmyl  ioni  and  maVe  it  possible  to  assign  conclusively  the  formula  KjlOsO;(OH)J  to  the  compound. 

The  lOsO^OIllJ**  complexes  and  Ions  arc  packed  in  accordarsce  with  the  antifluorite  partem.  Therefore 
the  structure  of  K2t0’.0^01!)4)  it  genetically  linked  to  the  siruciufe  type  of  cubic  potassium  chloroplatlrute  and  tetra> 
gonal  (PiCNHjl^IjClj  (9]  and  K|(OsO/^lJ  (8).  The  further  lowering  of  symmetry  in  K2rOsOj(OH)4)  (transition  from 
14/fnmm  to  14/m)  Is  evidently  due  to  a  rsonlinear  anangement  of  the  oxygen  bonds  in  the  hydroxyl  groups. 

Rotation  of  the  complexes  in  the  m  plarse  it  determined  by  the  need  for  close  packing  of  Os(OIil4  *s<iuates*  or 
^stlbly  by  a  tendency  to  hydrogen  bonding  (along  the  perimeter  of  the  v;uare)  between  Oil  groups  of  four  neighboring 
complexes  in  the  same  rn  plane  (th.e  distance  OH-OH  »  2.79  A).  It  is  possible,  however,  that  the  Oil  bonds  are  taken 
out  of  the  sections  z  =  0  and  z  >  V*:  either  all  In  one  direction  (with  lowering  of  the  symmetry  to  4),  or  by  pairs  lo 
opposite  directions  (4  symmeuy),  or  else  statistically  (with  retention  of  4/m  symmetry).  In  this  case  hydrogen  booda 
are  not  formed;  this  is  shewn  by  the  fact  that  the  OIl-O  dbtances  arc  3.54  A  (the  distance  OH  ~  O  «  2.74  A  Is  the 
distance  within  the  complex).  •  .  . 

It  Is  the  acih/jrs*  plcarant  duty  to  offer  their  gratitude  to  Cerresponding  Member  of  the  Academy  of  Sciences 
USSR.  C.  6.  Bokli  whose  valuable  advice  was  of  considerable  assistance  In  the  Investigation. 
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There  b  no  doubt  that;  If  no  electron  pairing  occun,  four-coordinated  complex  compounds  of  Co(ll)  have  tetra¬ 
hedral  structure.  The  magrsetic  method  of  stereochemical  investigation  can  be  applied  with  success  to  complex 
Co(lI)  compounds.  In  the  *f*/f  ground  state  the  magnetic  moment  of  Cc<M)  b  determirsed  by  three  unpaired  elec¬ 
trons.  The  "spin  only*  value  of  the  magnetic  moment  it  3.S3  pg.  However,  it  has  been  found  experimentally  that 
the  effective  magnetic  moments  of  bivalent-cobalt  com.plexes  in  which  there  is  no  enforced  electron  pairing  are  con¬ 
siderably  above  this  value  and  lie  in  the  region  of  4.2  >5.2  pg.  This  is  attributable  to  the  greater  or  lesser  contribo- 
tion  of  the  orbital  component  to  the  magnetic  moment  of  the  complex.  The  contribution  of  the  orbital  component 
depends  both  on  the  stcrccchemistiy  of  the  complex  and  on  the  ligand  field.  Figgb  and  Nyholm  (3]  showed  tbattetxa- 
tvrdral  complexes  have  smaller  magnetic  moments  than  complexes  of  octahedral  structure.  Thb  b  understandable  If 
we  consider  the  influence  of  the  ligarsJ  field  on  the  magnitude  of  the  orbital  component  (1).  In  fact  In  octahedral 
Co(ll)  (dyd^)  complexes  redistribution  cf  electron  density  occurs  in  the  d^  orbitab  under  the  influence  of  an  exter¬ 
nal  field,  whereas  there  should  be  no  such  tedisuibution  in  (d^d^)  tetrahedral  complexes  because  each  d*^  orbital  b 
occupied  by  only  one  electron.  Therefore  the  cry  stal  field  •freezes*  the  orbital  component  of  the  magnetic  moment 
to  a  greater  extern  in  teL-ahcdral  than  in  octahedral  complexes. 

Investigatioru  of  the  magnetic  susceptibility  of  tetrahedral  complexes  of  bivalent  cobalt  [2]  showed  that  the 
magnetic  mom.enis  of  these  complexes  are  in  the  4.26-5.00  pg  range  and  depend  on  the  nature  of  the  ligands:  tJ< 
weaV.er  the  ligand  field  the  less  b  the  orbital  component  suppressed.  Complexes  cf  the  C0I4*  type  have  the  largest 
moments,  and  compounds  in  which  the  cobalt  atom  b  surrounded  by  four  oxygen  atoms  (CoO)  have  the  smallest. 

Whereat  there  b  no  doubt  about  the  tetrahedral  structvue  of  four-coordinated  high-spin  cobalt  complexes.  In 
the  case  of  nickel  (II)  a  tetrahedral  structure  bat  so  far  been  reliably  demomtrat.d  only  for  complexes  of  nickel  with 
uiphenylphosphinc  and  similar  compounds  I5-7J.  The  structure  of  nickel  complexes  with  o-hydroxya1dchydcs  hattsoc 
been  finally  settled.  It  it  known  that  these  interrul  complex  compounds  are  paramagnetic  with  magnetic  moments 
of  3.04-3.15  pg  (8].  A  tetrahedral  structure  hat  been  postulated  for  Ni  salicylaldehydate  because  it  b  isomorphous 
with  zinc  sallcylaldehydate  (9]. 


Compoursd 

Tempera¬ 
ture,  "K 

Co** 

''cff.*'*8 

Cobalt  bis(4*mctbyl-2-hydroxybenza1debydate) 

(C,H,o,v:o 

298 

23L4 

8285 

4.45 

Cobalt  bis(S-chloto-2-hydroxybcnzaIdcbydate) 
(C,H,Oia>iCo 

Cobalt  bis(S-bromo-2-bydroxyheazaldchydatc) 
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19.7 

7480 

4.22 

(CiHfOjBrliCo 
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18.4 

8835 

4.50 

Cobalt  bls(2-Lydroxy-l-aJpbthaldcbydat<) 

■  • 

■  ' 

<CuH|0|)iCo 

’  298 

17.85 

7350  ■ 

*:  ..4.20 
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StuJy  of  the  magnetic  lUsccptlbllUy  of  intcnial  complcxci  of  cobalt  with  o'byJroxyaWcbyJci  ibowed  that,  ai 
wai  to  be  expected,  ctcciton  pairing  doci  not  occur  during  complex  formation.  Tbc  effective  magnetic  montenu  of 
all  four  internal  complexes  at  looin  temperature  are  In  the  range  of  4.20-4,50  fig. 

Study  of  the  magnetic  imccpilblllty  of  internal  complexes  of  bivalent  cobalt  leads  to  the  conclusion  that  they 
all  have  tetrahedral  structure  with  4t4p’  bonds. 

We  have  shown  fSj  that  the  magnetic  tnonsent  of  nichcl  bli(4*mcthyl*2-hydroxybcnzaldehydate)  at  room  tem¬ 
perature  fs  3.05  fig.  For  confirmation  of  the  view,  based  on  magnetic  data,  that  the  structure  of  nickel  bls(4*risethyl- 


'2*hydroxybcnMlJchydatc)  is  tetrahedral  we  obtained  powder  diagrams  of  the  internal  complexes  of  cobalt  (Fig.,  a) 
and  nickel  (Fig.,  b)  with  4-mciliyl*2-hydroxybcnraIdehydc.  Comparison  of  the  powder  diagrams  shows  that  the  two 
compounds  arc  completely  Isostructural.  Assuming  that  the  tetrahedral  structure  of  cobalt  (II)  bls(4-mcthyl-2-hydro- 
xybcnzalJchydatc)  is  established,  we  also  propose  a  tetrahedral  structure  for  nickel  bis(4-incthyl*2-hydroxybcnnl- 
dchydatc)  on  the  basis  of  the  above  data. 

EXPERIMENTAL 

Internal  complex  coinpounds  of  Co(II)  were  synthesized  by  the  interaction  of  an  alcoholic  solution  of  the  ap¬ 
propriate  aldehyde  with  aqueous  cobalt  acetate  solution  (2  :  1  mole  ratio),  followed  by  heating  on  a  boiling  water 
bath  for  30  minutes.  The  orange  microcrystallinc  substances  were  filtered  off,  washed  with  alcohol,  dried  to  constant 
weight  at  100-105*,  and  analyzed  for  Co  as  C0SO4  or  CojQ^ 
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10. 11 

ir,,m 

(C,i!,o.r;r)/i* 

12.71; 

I2.SH 

12.81 

(C,»ll;0:),ti. 

1  l.-V); 

It.ln 

11,69 

Magnetic  susceptibility  was  measured  at  room  temperature  by  Faraday's  method. 
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STRUCTURES  DERIVED  FROM  THE  CaFj-CcO,  CUBIC  TYPE 
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The  dbeovety  of  the  mineral  calzinite  and  determination  of  itz  cr^’stal  structure  (1,  2]  considerably  txittAvx/ 
knowledge  of  structuivs  derived  from  the  cubic  fluorite  (CaF])-*  ccriarute  (CeOJ  typc»  Calzbtite  conesponds  to  die 
approxintate  formula  CCaO  •  SZrOj  *  CTiO^  =  CajZrsTijOi*  and  Is  a  new  representative  of  the  class  of  subtractive 
structures  which  may  be  derived  from  the  simple  CaFj-CcOj  motif  by  removal  of  some  of  the  anions  from  thcprlml* 
live  cubic  packing.  N,  V,  Belov  (3]  gives  the  formula  M4X1.X  for  derived  structures  of  thb  type;  when  x  *  0  we  have 
the  original  CaFx,  CCO2.  ThOj  and  UO2  structures;  x  s  1  corresponds  to  the  structure  type  of  the  mineral  pyrocMcre, 
A2B2XJ,  and,  finally,  x  =  2  corresponds  to  the  structures  of  Sb^j,  AS2Q1,  Y2OJ  and  certain  others.  Whereas  in  the 
structure  of  Cc02(x  =  0)  all  the  Pauling  polyhedrons  are  cubes,  in  the  case  of  pyrochlore  (x  =  1)  there  are  equal  c-.m* 
ben  of  cubes  and  octahedrons,  and  structures  with  x  =  2  contain  ocuhedrons  only  (3).  All  these  derived  strucrures 
have  cubic  symmetx)’  with  unit  cclb  having  edges  twice  the  length  of  the  edge  of  the  Ce02  cell,  Calzcrtltebaj  le- 
tragonal  symmetry  and  b  the  fint  noncubic  representative  of  these  derived  structvjes.  Doth  the  lattice  parameters  c^ 
calzinite  (a  *  15,30,  c  =  10.29  A)  are  multiples  of  5.1  A;  this.  In  its  turn,  b  very  close  to  the  value  of  £  In  dvcccVIc 
structures  of  CaF2,  CCO2,  etc.  If  we  compare  calzirdte  with  ppochlore  we  note  that  the  ratios  of  total  cadonx 
anions  in  the  formulas  of  these  mincrab  arc  approximately  equal  (Vi*  ”  Vi).  This  means  that  In  the  formation  d 
both  derived  structures  from  ihiC  original  cubic  packing  almost  equal  numbers  cf  oxygen  atones  f<r  given  volume  are 
removed.  Therefore,  pyrochlore  and  calzinite  provide  an  example  of  two  different  structural  types  determined  cedy 
by  the  pattern  in  which  equal  numbers  cf  oxygen  atoms  arc  removed  from  th^  original  pvicklng.  l^T-ercas  In  the  case 
of  pjiochlcre  the  characterbdc  dbtributioa  cf  vacant  places  in  thr.  packing  while  levering  the  $ymn)etiy  of  th-eivuc- 
cure  still  leaves  it  cubic  (Fm2m  -♦  Fd3m),  in  the  case  of  calzinite  the  change  b  sharper;  Fm3m  -♦  142/acd.  The 
p)Tochlorc  structure  contains  Pauling  polyhedrons  of  two  kinds:  cubes  and  octahedrons.  In  calzinite  these  polyhedrons 
arc  supplemented  by  seven-pointed  polyhedrons  (cubes  with  one  vertex  mbsingj.  The  appearance  of  a  third  type  cf 
polyhedron  favors  complication  of  the  cadcnic  compositiort;  thb  occurs  la  the  case  of  calzinite  Ca2Zr2Tf202£.i3  the 
structure  of  which  Ca  atoms  occupy  cubes,  V*  of  the  total  number  of  Zr  atoms  arc  In  the  seven-point  polybedrocx,* 
and  the  Tl  atoms  arc  in  ocuhedrons.  It  should  be  noted  that  the  example  of  calzinite  confirms  the  dbdnct  tec<descy 
of  Zr  atoms  to  sevenfold  coordination  in  oxide  structures  (41. 

Let  us  consider  the  prlr>clpul  cbaracterbtics  of  these  derived  structures.  The  main  feature  Is  a  three -dlnensloa* 
at  checkerwork  dbtributioa  of  Pauling  polybedrons  which  U  equivalent  to  exact  or  alnwst  exact  location  of  the  ca¬ 
tions  at  the  points  of  a  face -centered  F-lattice.  A  consequeoce  of  thb  b  that  the  lattice  constanu  of  (he  derived 
strucoue  are  multiples  of  the  same  quantity,  the  constant  a  of  thb  F-latUce.  The  nurnben  of  filled  and  empty  pcly- 
bedrons  are  equal.  In  real  derived  strucrures  the  ideal  (cubic)  packing  of  the  anions  may  be  deformed  to  a  consider¬ 
able  extent;  however,  thb  merely  dbtoro  the  shape  of  the  polybedroru  without  changing  the  coordination  oumheacf 
the  cations.’  Since  the  most  probable  polybedroru  in  the  formation  of  these  derived  structures  are  cubes,  seven-pclsted 
polybedrons.  and  octahedrons,  these  structures  are  formed  the  most  readily  with  the  participation  of  cations  charactex- 
Ued  coordirudon  numbers  of  8,  7,  and  6, 

We  note  further  that  the  ratio  p  of  the  total  number  of  cations  to  the  number  of  aniens  In  the  formala  of  d« 
compound  forming  a  derived  structure  must  be  in  the  range  Vi  ^  p  ^  Va.  When  p  ■  Vt  we  have  the  odglrul  struc¬ 
ture  of  the  CeO|  typ>e,  and  when  p  •  Va  vc'have  a  derived  structure  In  which  all  the  polybedroru  are  octahedron^. 


*The  remaining  Zr  atoms  are  sutbdcally  dbtributed  In  cubes  wlthCa  atomi. 
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The  next  cKarJctcrIttic  feature  hU^i*x  ttructurci  In  which  X  «  0  U  the  complexity  of  ih<  cationic  compo¬ 
sition  with  relatively  high  cation  valence.  Indeed,  it  follows  from  the  general  formula  M^Og-x  (0^2  x  =r?)  tlut  the 
valence  of  the  cation  M  can  he  a  whole  number  only  when  x  a  o  or  x  «  2  (44  and  fO  rc'pcctlvely).  AU  othervaloes 
of  X  correspond  to  nonintegral  values  of  the  valence  M,  In  real  iinxturci  such  "fractional*  valence  may  rcprevnc 
merely  a  certain  average  valence  of  several  IdOvU  of  cations  present  simultatKously  in  the  structure. 

It  is  quite  obvious  tliat  the  formation  of  a  particular  derived  structure  is  determined  both  by  the  number  ofvacao^ 
cles  In  the  original  anionic  packing  and  by  their  distribution  motif.  However,  this  is  not  in  itself  surflclent  for  unique 
definition  of  the  structure  type,  because  tlie  same  dbtilbutlon  motif  of  vacancies  la  the  packing  U  In  general  associ¬ 
ated  with  two  theoretically  possible  types  of  subtractive  structure.  Thus,  la  the  pyrochlore  structure  the  empty  poly- 
bedrons  continuing  the  filled  cubes  and  octahedrons  are  exclusively  sevca-polnted  figures.  The  second  (•complemco- 
lary*)  structure  type  possible  wlthlo  the  framework  of  a  given  anion  packing  Is  obtained  If  these  seven-pointed  flgurea 
are  filled  with  catloEss  aod  the  cubes  and  octahedrons  are  left  empty,  it  b  obvious  that  the  number  cf  seveo-poloted 
■figures  Is  equal  to  the  sum  of  the  cubes  and  octahedrons.  If  the  centers  cf  these  cubes  and  octahedrons  cotrsclde  with 
the  points  of  two  lC-fo!d  positions  of  the  FdSm  [5],  theo  the  centers  of  the  seven-pointed  figures  are  poli:ts  of  oee 
32-fold  XXX  complex.  In  accordance  with  ^e  foregoing,  cations  cf  several  kinds  should  be  distributed  sutlsdcally 
at  these  points.  In  this  case  we  have  a  new  derived  strucrure  ccacsponding  to  Oie  formula  (M*,  M*,  aod  ooC 

AjBpCj  (p)Toch]ore).  A  similar  consideration  of  the  ox)-gco  packing  forming  the  basis  of  the  calzbtlte  structure  type 
shows  that  la  the  calzlrilte  cell  the  numbers  of  filled  Pauling  cubes,  seven-pointed  figures,  and  octahedrons  are  24, 

32,  and  16  respectively  (a  total  of  72  polyhedrons).  If  we  now  Imagine  these  polyhedroiu  to  be  empty  acd  those  ad¬ 
jacent  to  them  by  theb  faces  filled,  we  have  a  new  structure.  In  the  cell  of  ihb  new  derived  struerste  all  the  Pauling 
octahedrons  arc  empty,  and  the  numbers  of  occupied  cubes  and  seven-pointed  figures  arc  8  and  64.  Unfortunately,  no 
concrete  examples  of  these  two  •complementary*  structures  have  been  reliably  established.  In  these  itxuciuret  seven- 
pointed  polyhedrons  arc  either  the  only  polyhedrons  (In  the  first)  or  arc  greatly  predominant  (in  the  second).  It  b  there¬ 
fore  likely  that  there  structures  should  be  characteristic  of  compounds  such  at  those  with  a  prcdomirjr<c  of  zirconium 
atoms,  which  have  a  marked  tendency  to  sevenfold  coordination.  In  addition,  as  the  "average*  cation  valence*  in 
these  derived  structures  cannot  be  whole  numbers,  at  least  one  other  type  of  cation  with  a  valence  less  than  41  must 
be  present.  Therefore  one  pab  suitable  for  formation  of  such  *complcmcntary*  structure  Is,  foe  example,  the  pab 
Ze  4  Ca, 

Tlic  formation  of  derived  structures  close  to  those  discu-sed  above  probably  occurs  during  the  so-called  stabili¬ 
zation  of  the  high-icmpcraturc  cubic  modification  of  ZrO^  It  is  krsown  (6)  that  the  cubic  modification  cf  pure  ZrO| 
(CaFj-CcOj  structure  type)  b  stable  only  at  tcmpcrarurcs  above  1400*.  The  monoclinlc  modificaden  of  zirconium 
dioxide  (baddeleyite)  exists  at  normal  temperatures.  However,  ZrOj  heated  in  presence  of  relatively  small  amounts 
of  MgO,  CaO,  etc.,  retains  a  cubic  sirjcture  even  at  low  temperatures  (7).  This  property  it  of  practical  ose,  as  It  U 
utilized  for  rabing  the  mechanical  endurance  of  refractory  ceramics.  The  nature  of  this  effect  b  probably  the  fol¬ 
lowing.  The  solid-state  reaction  of  ZtOi  with  a  small  amount  of  CaO  leads  to  the  formation  of  a  compound  of  the 
C>'pc  (Zj,  Ca)40(.x.  Thb  compound  should  correspond  to  one  of  the  theoretically  possible  subtractive  structures  similar 
to  those  considered  in  thb  paper.  Therefore  the  "stabilization*  of  cubic  Zrbj  b  none  other  than  the  ferniation  of  an 
independent  structure  type,  only  formally  related  to  the  fluoritc-ccrianite  type,  to  which  the  high -tempera cure  modi¬ 
fication  of  ZrO]  belong*. 

We  ntay  note  In  conclusion  that  in  a  study  of  the  phase  diagram  of  the  s)-stcrm  CaO-ZxOj“TiO|  only  one  ter¬ 
nary  compound,  CaZxTi/>i.  was  detected  (8);  tlicse  workers  missed  the  compound  CaiZr^Ti/T^  which  it  a  synthetic 
atulog  of  our  calzirtite.  Thb  compound  falb  Into  the  composition  region  denned  by  these  wotken  a*  "the  field  of 
cubic  ZrO].*  In  accordance  with  what  was  said  earlier  In  thb  paper,  this  region  should  be  defined  a*  the  region  of 
derivatives  of  the  CaF|-CcO|  cubic  structure  type  which  may  include  noocublc  teprescniative*. 
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PHASE  DIAGRAM  OF  THE  ALUMINUM  -  OORON  SYSTEM 


V.  T«  Scrcbr/aotkii  aod  V«  A.  bpcl'banrti 

1,  Tj.  Karpov  Sclcntinc  research  lastitute  of  rhystcal  Chembay 
.  Tramlatcv!  from  Zhurnal  Suuktutooi  Khimif.  VoL  2,  No.  6. 

pp,  74S-750,  Kosemler- Dee  ember,  1061 
Original  article  submitted  July  14,  1061 

According  to  the  literature,  the  a1uminum*boron  system  includes  the  compounds  AIBj.  AIBi^  (1,  2]  and  AlS^fO]; 
A1B|2  exists  in  several  cr)'statline  modifications  [4,  5].  The  conditions  for  preparation  of  these  borides  have  been 
inidied  repeatedly  (1,  2,  6,  7).  However,  mainly  mixtures  of  various  phases  with  a  predominance  of  one  particular 
phase  were  obtained  in  there  investigations.  Only  Fciten  [8]  succeeded  in  obtaining  AIB]  as  the  main  reaction  product 
by  sintering  of  the  elements.  According  to  [0]  the  compound  AIB]  is  formed  as  the  result  of  a  peritcctic  reaction  at 
13S0*:  according  to  (7]  it  decomposes  at  1100*.  There  are  no  data  in  the  literature  on  the  conditions  for  the  ciUtctsce 
of  other  aluminum  boride  phases. 

In  this  communication  ve  prerent  the  rcsulu  of  the  first  stage  in  the  study  of  the  e<;ui1ibrium  diagram  iovolvIr>g 
investigation  of  the  phase  diagram  and  conditions  for  formation  of  aluminum  borides  from  die  clemcnu  over  a  wide 
concentration  range  at  temperatures  up  to  1400*, 

EXPERIMENTAL 

The  boron-containing  specimens  were  prepared  from  the  pure  elements  (A1 -93.99^,  B-99.5^),  The  powders 
were  mixed  thoroughly,  formed  into  rods,  and  put  in-a  corundum  boat  into  a  <;uartz  tube  contained  in  a  tubular  fur¬ 
nace.  First  dse  system  wp*  evacuated  and  the  specimens 
were  heated  in  vacuum  for  33  minutes  at  about  400*.  Temperature 

Pure  argon  was  then  passed  through  and  the  temperature 
was  raised  to  the  required  level.  The  optimum  synthesis 
conditions  (temperature  and  heating  time)  were  cboseo 
in  accordance  with  the  composition.  The  phase  compo- 

Tcmperiiurc 


Time 

Fig.  1.  Thermogram  for  the  Interaction  Fig.  2.  Heating  curve  (up  to  1400*)  of  a 

of  aluminum  and  boron.  Heating  and  spectmeo  of  the  original  composltloo 

cooling.  AlBy. 

sitloD  of  the  speclmeru  was  Investigated  by  the  x-ray  method.  Some  were  abo  Investigated  by  the  thermographic 
method  la  V.  A.  Kcdumov*i  VNTA-1  apparatus  for  hlgb-temperature  noncontact  thermal  analysis  (10).  The  pure 
phases  were  analyzed  for  aluminum  and  boron  and  ihclr  pycnomeuic  dciultles  were  determined.  The  following  coo- 
elusions  were  reached  from  the  rcsulu  of  the  expcrlirsents. 

1.  Formation  of  AIB^  begins  even  at  6$0*,  but  the  reaction  it  not  complete  —  the  x-ray  patterns  contain  lines 
conesponding  to  pure  aluminum  together  with  AIB^  lines. 
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2,  Th«  Moit  suitable  icfnp:ratu/e  for  fotination  of  A1P|  is  800*,  At  ibis  Icmpcratufc  an  oiiglnal  mixture  corrc* 
ipoodlng  to  the  composition  AID|  gives  a  tlngTe*phasc  product  after  IS  hours  of  heating;  this  confirms  the  data  In  (8)« 

3.  In  view  of  the  report  (11)  that  A1B|  Is  unstable  at  room  terr.pcrature*  we  Investigated  the  ccmpoiind  after  It 
bad  been  hept  for  1%  years.  No  changes  were  found;  l.e.«  AIB|  Is  quite  stable  at  room  temperature* 

The  thermogram  la  Fig.  1  tepresenu  the  Interaction  of  aluminum  and  boron  at  temperatures  up  to  900*  during 
heating  and  cooling  at  a  rate  of  ‘20*/mln«  Several  thermal  effects  ate  seen;  an  endothermic  effect  at  660*  corre* 


TABLE  I*  (base  Composition  In  Relation  to  Specimen  Composition  and 
Synthesis  Temperature 


Msgioal 

composition 

1  Sjothetis  temperature' 

%  B 

%  M 

;.v.* 

*•0* 

300* 

28.9 

71.1 

.\!IU.  Al 

.Mils 

4t.9 
55.0 
Cl  .9 
70,9 
76.5 
60.3 
«.5 

55.1 
45.0 

38. 1 

20.1 
Z3.5 
19.7 
17.5 

Alitt  I  Al 

Allt, 

Al 

xAin,, 

a*Ain|, 

TABLE  2.  Fowder  Diagram  of  a-AlBy  (CuK^^  Radiation) 


Line  No. 

hk/ 

1 

d(kX) 

LL^c  No, 

hkf 

1 

d(kX) 

1 

110 

w. 

7.16 

20 

. 

K 

1.722 

2 

111 

v.v.w. 

6.25 

21 

- 

*• 

1.681 

3 

112,200 

W. 

.  5.08 

22 

— 

m. 

1.544 

4 

211 

m. 

4.32 

:  23 

v.v.w. 

1.512 

S 

202 

V,v.s, 

4.14 

24 

- 

v.v.w. 

1.482 

6 

212 

t. 

3.84 

25 

— 

a. 

1.435 

7 

221 

v.v.w,  • 

3.45 

26 

- 

a. 

1.39S 

8 

222 

v.v.w. 

3.20> 

27 

- 

m. 

1.362 

9 

302 

nv 

3.048 

28 

— 

m. 

1.324 

10 

312 

v.v.w. 

2.936 

29 

- 

w.  . 

1.293 

11 

320 

V. 

2.817 

30 

— 

W. 

1.118 

12 

322 

m. 

2.629 

31 

- 

v.v.w. 

1.062 

13 

224 

w. 

2.534 

32 

- 

v.w. 

0.928 

14 

215 

V.I. 

2.411 

33 

- 

W. 

0.915 

15 

225 

t. 

2.228 

34 

— 

v.v.w. 

0.904 

16 

- 

a. 

2.154 

35 

- 

W. 

0.828 

17 

w. 

1.903 

.36 

- 

V. 

0.828 

18 

- 

a. 

1.829 

37 

- 

V. 

0.777 

19 

— 

V. 

1.759 

38 

— 

W. 

0.778 

Note:  v.v.w.  (very,  very  veah).  v.w.  (very  weak),  w.  (weak),  m.  (medium),  s.  (stroogl.  vj. 

(very  suong).  v.v.s.  (very,  very  strong). 

spending  to  fusion  of  aluminum;  an  exothermic  effect  at  800*  representing  the  snteraction  of  aluminum  with  boron. 
The  cooling  curve  exhiblu  only  one  phase  transition,  at  CCO*.  corresponding  to  ctystalllxatlon  of  A1.  No  solid-state 
change  indicating  decomposiUon  of  AIB,  was  recorded  on  the  cooling  curve. 

4.  On  further  Itxrrease  of  temperature  A1B|  begins  to  decompose.  During  prolonged  heating  the  decompdsltloa 
reaction  begins  at  9S0*  and  proceeds  with  liberation  of  aluminum.  Tbe  x-ray  pattems  of  specimens  s}*atheslzed  at 
this  temperature  conuin  reflections  of  AlBj.  Al.  and  AlBj^.  Figure  2  Is  the  thermogram  for  a  ipeclmcn  of  the  orlg* 
liul  composition  A1B|  hcaud  to  1400*.  In  addition  to  two  peaks,  at  CCO  and  800*.  conesponding  to  fusion  of  aluml* 
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ourn  j*.J  form^tloa  of  /IPj.  the  UlffcrcntUl  cur>-e  aboh^t  a  peak  at  9S0*  which  corresponds  to  endothermic  decom¬ 
position  of  AlP,  as  followi:  A1B|-*  AlBji  ♦  AU 

The  results  of  thermal  analysis  are  confirmed  by  syntheses  effected  at  various  temperatures  and  with  various 
<cccentrat!ons  of  the  original  components;  the  rcsulu  are  given  in  Table  1.  The  table  shows  that  at  temperaturesop 
to  900*  AlBj  is  formed,  and  at  lOOO*  and  over  only  AlBy  is  formed,  regardless  of  the  original  composition,  “Ihc  powder 
diagram  of  AIB^  shows  (Table  2)  that  this  is  a-AlBy,  I.e.,  the  teuagonal  modification  (1)  of  the  so-called  •graphite- 
like  boron.*  Indexing  was  performed  only  for  the  first  IS  lines,  as  at  1*'gc  angles  Indexing  becomes  Indefinite  oaring 
to  the  large  celt  dlmcrulcns.  The  identity  periods  arc  a  =  10.15  and  ^  s  14.29  A;  the  experimental  pycoometric  den¬ 
sity  It  2.62  g^cc.  The  boron  and  aluminum  contents  are  62.8  and  16.7^ 

No  other  modifications  of  AIB^  were  found  In  any  of  the  experiments  under  the  conditions  specified.  The  con- 
ditioiu  for  formatioo  of  such  modifications  of  AIB^  and  abo  of  AlBjj,  will  be  detailed  In  a  future  paper. 

Our  data  on  the  formation  and  decomposition  temperatures  of  AIB^  are  confUmed  la  (12),  but  the  author  of  that 
paper  obtained  d-AlB^  as  the  final  product;  this  requires  further  veriflcatloa. 
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CORRECTION 

The  third  paragraph  and  ichcrne  on  p.  226  (Zh.  itrukt.  khiintl,  2, 2)  ihoutd  read  ai  followtt 

1)  The  laieil  vofV  on  the  fir:i  of  these  problem*,  involving  iiructural  Inveiilgatloni  of  the  compounds  K(Pl 
(C,H4)Br,J*lljO(46J.mcU-IPl(C,lV/NH,!’P^l[48].  trans*(Pt(P(C,H,),\OrUI  [Caj.  a-(Pi/SCN),Cl/r(C,H,),\ J  llOJ.  pro¬ 
vide  data  accurate  enough  to  allow  discussion  of  the  relation  between  the  Pt 'ligand  distance  and  the  tram  Irsfluence 
effect.  The  results  (configuration  of  the  complexes)  and  the  most  important  dbtancci  In  A  ate  shown  schematlcallj 
below; 
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SICNiriCANCC  OF  A  OCRE  VI A  TIONS  MOST  FREQUENTLY 
ENCOUNTERED  IN  SOVIET  PERIODICALS 


HAN 

GDI 

C!TI 

CITTL 

CONTI 

Ccscnergotzdat 

CcshhloiUdat 

COST 

CTTI 

n. 

ISN  (Iz4.  Sor.  NjuIc) 

Izd.  AN  SSSR 

fzd.  MCU 

LSnZhT 

LET 

LETI 

LETlIZhT 

Mjihgjz 

ME? 

MES 

MESEP 

MCU 

M.KhTl 

MC-PI 

MS? 

SO  ZWKSZ/JIOI 

mkf: 

ONTI 

on 

OTN 

Suciizdai 

TOE 

TiXn 

TiNIEL 

TsNia-MES 

Ttvri 

Uf 

VIESKb 

VNUM 

VNIIZhDT 

VTI 

V2EI 


Phyi.  Inst.  Acid.  Scl.  USSR 
Watcx  Powex  Init« 

Sure  ScJ.-Tech.  Piess 

State  Tech,  ind  Thcor.  Lit.  Ptem 

Sute  United  ScI.'Tech.  Piesi 

Sute  Powex  Ptess 

State  Oi:m.  Press 

All-Union  State  Standard 

State  Tech,  and  Thcor,  Lie,  Press 

Foreign  Lit.  Press 

Soviet  Science  Press 

Acad.  Sd.  USSR  Preu 

Moscow  State  Unlv.  Press 

Leningrad  Power  Inst,  of  Pallroad  Engineering 

Leningrad  Elec.  Engr.  School 

Le.”!ngrad  Electrotechnical  frut. 

Leningrad  Electrical  Engineering  Research  Inst,  of  Railroad  Engr, 

State  Scl. -Tech.  Press  for  l.lachlne  Construction  Lit* 

Ministry  of  Electrical  Tndjstry 
MlrJsuy  of  Electrical  Pewer  Plants 

Mlnisuy  of  Electrical  Power  Planu  and  the  Electrical  Industry 
Moscow  State  Unlv. 

Moscow  Inst.  Chem.  Tech. 

Moscow  Regional  Pedagogical  Inst, 

Ministry  of  Industrial  Ccr.iirucdoo 
Scientific  Research  Inst,  of  Sound  Recording 
Scl.  Inst,  of  Modern  Motion  Picture  Photography 
United  Scl.-  Tech.  Presa 
Division  of  Technical  Informailoa 
Dlv.  Tech.  Sd. 

Construction  Presa 
Association  of  Power  Engloecra 
Cenaal  Pesearch  Inst,  for  Collcrt  and  Turbloea 
Cenoal  Scientific  Research  Elec.  Engr.  lab. 

Central  Scientific  Research  Elec.  Engr.  Lab.-Mlnlstry  of  Electric  Powex  Plants 
Cenual  Office  of  Economic  Inforroadoa 
Ural  Branch 

All-Union  Irsst.  of  Rural  Elec.  Powex  Stadoni 

All-Union  Sclendfic  Research  Inst,  of  Metrology 

AU -Union  Sclendfic  Pesearch  Inst,  of  Railroad  Engineering 

All -Union  Thermotech.  IniC  . 

All-Union  Power  Corresporsdeace  loit. 


NOTE:  Abbreviation!  not  on  thli  list  and  not  explained  to  the  traniladoo  have  beers  transliterated,  tso  further 
lofcrmadon  about  their  ilgniflcance  being  available  to  ui.  'PubUther. 
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